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ABSTRACT
This paper studies deformation mechanisms induced by an ogive shaped wedge on
transversely stiffened plates with application to the grounding resistance of single and
double hull ships. Two types of plate specimens, with different stiffener spacings, were
used along with varying wedge penetration depth into the unruptured plates. In all
experimental runs both the vertical and horizontal components of the forces were
measured.
To model the plate specimen behavior a closed form approximation based on an
upper bound to the plate plastic deformation force was developed. It was then combined
with a model for the mean plastic deformation force to crush the stiffeners and to a model
of the friction interaction. Horizontal and vertical forces were calculated and compared to
experimental results.
Results for the horizontal force prediction clearly indicate that a good upper
bound solution has been found for the plastic deformation force for the plating between
the stiffeners. The estimation of vertical forces and for the forces at or near the stiffeners
are high by up to 40%. A coupling between the vertical and horizontal components of the
grounding force was observed in all experimental runs. The presence of each stiffener
simulatings deep frame in the ship, is marked by a local rise of both forces. The
developed models were shown to bound from above the experimental results for most of
the cases observed.
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Nomenclature
Alphabetically
A, cross-sectional area of the stiffener
B distance from maximum penetration to a longitudinal frame
b distance between the transverse stiffeners
bb width of the web
D penetration depth
Foriwntal horizontal force, also FH
Fi components of external forces
Fsta plastic deformation force of the stiffeners, also F s
Fptastic force due to internal plastic work, calculated in Appendix F.
Hk height of the web
i,j,k indices for the axes directions
K maximum amplitude of the V displacement function
LsRF,dI are length of the element at the coordinate s on the final radius
LsRo,d• arc length of the element at the coordinate s on the original radius
t plate thickness
t, thickness of the web or plate according to subscript (w,p)
U, V, W displacement fields in direction 123; function of (x,y)
0
uij components of relative velocities
uo  maximum amplitude of the amount of U displacement function
V wedge velocity in the 1 direction
0
Wint work rate of internal forces
0
Wext rate of work of the external forces
x,y non-dimensional deformed plate coordinate in the 123 reference system
xl coordinate of the contact point along the 1 direction
0Eij component of the strain rate tensor
E equ equivalent strain rate
F xy components of the Langrange strain tensor
0
E eq, equivalent strain increment for the coordinate (x,y)
E, total strain on the plate
Eb strain due to bending of the small plate section
S, strain due to stretching of the small plate element
(P local contact angle at the base of the stiffener; it is function of the relative
position of the wedge as per Equation F.6.
Ix coefficient of friction
a o  equivalent flow strength
a ijk components of the stress tensor
0 angle of contact on the plate
Chapter 1
Introduction
1.1 Background
Until the mid 70's, tanker sizes grew significantly from the post- war era, the
largest reaching 500,000 deadweight tons. Although economic considerations suggest
such huge ships, the safety factor causes concern not only in the shipping world. Such
supertankers require many kilometers to stop and are not very maneuverable. Hence,
when routed through narrow seaways, they pose a risk to other shipping, and damage
from grounding or collision can result in oil spills of enormous proportions. A good
example, and perhaps the worst oil disaster of US history, occurred in March 1989 when
over 41 million liters of oil were released from the torn hull of the Exxon Valdez. It ran
aground in Alaska's Prince William Sound, a bountiful fishery and a pristine area rich in
wildlife (NAE 1990).
This rather dramatic oil spill brought about a new concern for the protection of the
environment. In fact the major effect of an this oil spill was the scenic degradation when
oil fouls miles of coastline and the economic losses borne by fishing, tourist, and other
industries dependent on the health of the coastal waters became unacceptable. This was
enough to warrant action and since then, there has been an enormous media emphasis
intended to sensitize the population to this problem. This provided the impetus for actions
to prevent and reduce the environmental damages following an oil spill. In 1990, the US
Congress passed the Oil Pollution Act (OPA 90) as a measure to force the use of double-
hull construction, or design of equivalent protection, in US waters. OPA 90, along with
the ever increasing environment importance, triggered a tremendous amount of research
activity in the international community.
1.2 MIT's Involvement with the Tanker Safety Project
A significant amount of research over the past three decades has been aimed at the
problem of ship collisions. But it has only been a decade or so that structural damage due
to grounding has been investigated. A Joint MIT-Industry Tanker Safety Program has
been established in order to help advance grounding studies. The scope of the current
phase of the project is to conduct small scale experiments and develop and validate a
damage assessment computer program. This computer program will enable the
comparison of various designs subjected to similar grounding scenarios.
The current phase of the project deals with damage being sustained by the bottom
structure only. Until now, all evaluated damage has been that caused by tearing, cutting
and deformation of the plating. The current thesis focuses on deformation of the hull
bottom without fracture occurrence and reports experimental work conducted in this areas
from June 1994 to April 1995.
1.3 Grounding Scenario
The grounding scenario selected for the simulation of damage was described by
Wierzbicki, Peer, and Rady (1993). They identified three basic mechanisms and
interactions of the forces during a grounding.
* Vertical component of the forces required to lift the ship against gravitational forces
* Forces due to friction between the hull and the ground
* Horizontal component forces required for plastic deformation and fracture of the hull
In the selected grounding scenario, the ship initially lifts and rides over the rock
causing the hull to deform plastically without fracturing. The indentation is taken to occur
between two main longitudinals. The theory developed in this thesis does not account for
plastic work done once the hull plating has been ruptured, although a prediction is made
of the ultimate depth of rock penetration for a failure to occur. The thesis focuses on the
phase between initial contact with the rock and the onset of failure.
1.4 Previous Work on the Subject
The first author to visit the problem of structural damage to ships subjected to
grounding is Vaughan (1980) who built on the earlier work by Minorsky (1959) regarding
collision and protection of ships. He had established a relation between the loss of kinetic
energy, KT, and the volume of damaged material by correlating the data from 26 ship
collisions.
Vaughan determined that there were six different variables describing the physics
of the collision problem. For the most part, his contribution is related to plate fracturing
and the work to bend and stretch a given volume of plate. Following this concept, most of
the grounding models and proposed solutions had assume that the ships hull is already
perforated. The case of the energy dissipated by a steady state plate cutting situation was
solved by Zheng and Wierzbicki (1994).
More recently, Choi et al (1995) proposed a closed form solution of web crushing
under the application of a known force. A look at the problem of interframe plating
behavior was now required in order to obtain a measure of the energy dissipated in the
deformation process before plate failure occurs and before the problem reverts to a plate
cutting case.
1.5 Research Objectives
The present research builds on the series of experiments conducted at MIT. Its
principal objectives are:
1. Design and perform plate deformation experiments of transversely-stiffened single-
hull models representing the ship's bottom structure with transverse framing elements
bounded by main longitudinals.
2. Obtain information about friction.
3. Develop an upper bound solution to the problem of plastic deformation forces as a
function of the penetration depth, structural dimensions and plate strength.
4. Using the plastic deformation force, predict the horizontal and vertical components of
the reaction forces on the ship when it is subjected to a known penetration depth of
damage, and compare with experimental results.
5. Develop an expression to predict the onset of fracture as a function of penetration
depth.
In the following thesis, Chapter 2 covers the experimental model design. Tests are
covered in Chapter 3. The theoretical model for horizontal and vertical force predictions,
and the model for failure initiation are explained in Chapter 4 and compared to
experimental results. Finally, Chapter 5 gives conclusions and makes recommendations
for future work on this topic.
Chapter 2
Experimental Models and Testing Apparatus
This chapter describes the considerations, design, and fabrication of the
experimental specimens and testing apparatus. Although numerous hull crushing and
cutting experiments have been conducted at MIT, the attempt to measure out of plane
forces imposed new design requirements for this test. The terminology and scaling
method used in earlier tests were followed as closely as possible for continuity and
comparison. Only single hull specimens were investigated for the new experiments for
reasons of simplicity and testing capacity. After preliminary calculations, we were
concerned that the Instron testing machine would not withstand the magnitude of the in-
plane forces in the angled split wedge cutting experiment if a double hull model was used
(Appendix A). Additionally, use of two double hull models (for symmetry) would have
required the design and construction of a new test frame. This was not economically
feasible.
2.1 Scale Model Geometry
Scale model geometry was determined from experiments performed by Yahiaoui
et al (1994). As in that report, the constraints of the test apparatus influenced the principal
dimensions of the specimens.
2.1.1 Original Specimen
The single hull model was based on a midship section of a 140,000 dwt VLCC
provided to Yahiaoui et al (1994) by visiting Professor F. Fernandez-Gonzalez in 1993.
The base ship has a length between perpendiculars (LBP) of 269.0 m and a 43.2 m beam.
A detailed discussion of the scaling considerations and specimen dimensions is provided
by Yahiaoui et al (1994). Only longitudinal T-stiffeners were modeled. The clamped
boundary conditions imposed by the test frame are assumed to act as longitudinal frames.
Initially, scaling was attempted by obtaining only similar moments of inertia for the plate
and stiffener combination. Different geometric arrangements may share a similar moment
of inertia. They will however influence the rigidity of the plate in different manners and
influence plate cutting dynamics. With this consideration, physical dimension ratios of
the flange, web, and plate for the base ship and model were used instead. Figure 2.1
provides a schematic of a T-stiffener and plate section geometry for a guide to the
nomenclature. The principal VLCC parameters considered are outlined in Table 2.1.
Table 2.1 VLCC Prototype Stiffener and Plate Dimensions
Table 2.2 Geometric Ratios for VLCC, Model Stiffener and Plate Dimensions
Using available plates at the laboratory, the scaling ratios of the stiffener flange to
web thickness, the plate-to-web thickness, and the plate to flange thickness were tailored
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Plate: tp = 18 mm (0.71in)
b = 850 mm (33.46in)
Web: tw = 11 mm (0.43in)
bw = 525 mm (20.67in)
Flange: tf = 30 mm (1.18in)
bf = 180 mm (7.09in)
VLCC Prototype Scale Model Relative Error
tf/tw = 2 .73  tf/tw = 2 .44  10.6 %
tp/tw = 1.64 tp/tw = 1.51 7.9 %
tp/tf = 0.6 tp/tf = 0.6 2 3.3 %
as closely as possible. The scaling ratios and their relative error to the source model, the
140,000 dwt (VLCC), are provided in Table 2.2. Using these ratios, the single-hull
longitudinally-stiffened model geometry is provided in Table 2.3.
Table 2.3 Scale Model Stiffener and Plate Dimensions
Based on these parameters, the specimens were constructed with transverse
stiffeners placed at equal distance along the plate. The length of the stiffeners was set to
come within a close distance to the sides of the test frame. An additional device was to
link the stiffeners together at the sides and simulate the presence of a main longitudinal
where a clamped boundary condition exists. Construction drawings of the test frame is
detailed in Figure 2.2.
2.1.2 Single-Hull Transversely-Stiffened Test Specimens
Following the decision to test the transversely framed structure, an adequate
geometry had to be determined. With most of the experiments conducted on
longitudinally stiffened hull for which the geometry was already established, it was
decided to use the same basic geometry. This was achieved by rotating the stiffeners 900
and doubling the present number of stiffeners to fill the specimen. Such a decision is
justified by the need to allow comparison of the data with as much of the previous work
Plate: tp = 1.130 mm (0.044in)
b = 53.36 mm (2.1in)
Web: tw = 0.749 mm (0.030in)
bw= 35.75 mm (1.41in)
Flange: tf = 1.829 mm (0.072in)
bf = 10.97 mm (0.442in)
as possible and to reduce production cost of the specimens. Two series of specimens were
fabricated, one with eight transverse stiffeners and one with only four, giving twice the
stiffener spacing. This allows for comparison between two different stiffener spacing. The
four stiffeners specimen is represented in Figure 2.3, and the eight stiffeners specimen in
Figure 2.4.
The T-stiffeners and plate dimensions are those detailed in Section 2.1.1. Apart
for the case of shear, boundary conditions are ensured with the aid of a series of small
aluminum blocks force-fitted to each stiffener and linked together to prevent out-of-plane
translation and rotation of the stiffeners. This is achieved by linking all the stiffener webs
at their extremities by a pair of longitudinal bars to which the blocks are fastened. The fit
between the bar and the test frame is very tight. This is essential to simulate the presence
of a longitudinal member at that location. Transverse stiffener locations are indicated in
Table 2.4.
2.1.3 Test Specimen Fabrication
From previous experience with specimen fabrication and the choice of the joining
method, Yahiaoui et al (1994) suggested electron beam welding (EBW). However, due to
its high strength, it is not representative of a scale weld. Most ship welds are rigid in
bending and are not loaded in tension enough to fail. Hence, use of EBW precludes
consideration of weld strength as a parameter in the deformation of the models. Applied
Energy Company of Winchester, MA, performed all specimen joining work.
2.2 Experimental Apparatus Design
Design of the experimental apparatus was an iterative process governed largely by
two factors: the use of existing test equipment and the desire for compatibility of
components with another experiment to be run at about the same time. These were to be
the final sets of experiments in a three-year investigation of grounding damage to the
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bottom structure of oil tankers. To combine and compare the experimental results with
previous work, the same scaling of the specimens was desired. For convenience and to
conserve resources, the choice of the force sensors had to be made in conjunction with the
other experiment parameters. The number of transducers, however, was left particular to
each design. Although successful, the use of common instrumentation and parts between
the two experiments necessitated extra effort and time.
Table 2.4 Transverse Stiffener Locations
2.2.1 Transducer Selection
The forces in-plane with longitudinal motion, later referred to, in VLCC terms, as
horizontal force or FH, were measured by the 20,000 lb capacity load cell that is installed
in the Instron testing machine. To ensure compatibility in instrumentation and data
acquisition between the experiments, the first step was to define the approximate size and
capacity of a load cell to measure the transverse forces, later referred to as vertical force
or Fv. Due to the narrow space between test plates, the height of the load cell was
eight stiffeners four stiffeners Distance from top
specimen specimen of plate (mm)
stiffener 1 stiffener 1 63.5
stiffener 2 117.5
stiffener 3 stiffener 2 171.5
stiffener 4 225.4
stiffener 5 stiffener 3 279.4
stiffener 6 333.4
stiffener 7 stiffener 4 387.4
stiffener 8 441.3
severely limited, since it also had to fit between the two sides of the wedge. The total
width available between plates was approximately 40mm. Forces estimates were based on
tests on a longitudinally-stiffened single-hull model performed by Bracco (1994). The
maximum forces developed at different wedge angles of attack could then be carried out.
The calculations are included in Appendix A.
Based on geometric limitations and force capacity requirements, a candidate load
cell was identified early in the design process. The preliminary design included one load
cell mounted between two wedges for both types of experiments. After completing the
initial design, consideration was given to the effects and possibility of spot loading on the
load cell due to any rotation of the wedges. The concern of rotation and off-center loading
on the load cell was the principal factor in designing the apparatus with three cells in a
tripod arrangement. The candidate load cell was kept throughout the design process.
Major characteristics of the load cell are provided in Table 2.5.
Table 2.5 Load Cell Principal Characteristics
The next step was to determine the expected load cell deflections and the
subsequent effect on the connecting rods. Deflections were calculated by assuming the
washer-style load cell acted as a thick-walled cylinder in compression. The theoretical
result compared favorably with the manufacturers' calculated value and was within 5% of
it. This deflection was then applied to the ends of the connecting rods to determine the
amount of force required to deflect the wedge inward. This shear force cannot be avoided
Force Capacity 15,000 lbs
Outer Diameter 23.95 mm (0.943in)
Inner Diameter 11.25 mm (0.443in)
Height 10.67 mm (0.420in)
but should be small in comparison to the forces measured by the load cells for accurate
measurements to be obtained. The myosotis method was used by applying one half of the
deflection to the center of each rod length where bending moments are zero. The shear is
constant for the length of the rod and may be calculated given the deflection.
Computations indicate that the shear forces generated are orders of magnitude lower than
the out-of-plane forces expected during the experiment and may be neglected. This
completed the design of the wedge and connecting rod arrangements.
The cells required some small allowance for radial expansion and also needed to
be held in place so that when initially set up under no load, they would not fall out. Three
holes are machined in each wedge half for the placement of the load cells. At the bottom
of each hole, a stud is screwed in place to hold the load cell. The studs are designed not to
be in contact with one another. It was important to keep the studs separate so that no force
transmission could occur except across the body of the load cell. To prevent moments
developed by a rocking motion, three load cells were arranged in a tripod pattern.
Finally, the prospect of off-center loading had to be considered. Based on thick-
walled cylinder analysis (see Appendix A), the load cells could not tolerate significant
shifting of the load to one side of the disc without exceeding the rated load cell capacity.
The tripod arrangement of the connecting rods and load cells would prevent this type of
loading once the experiment was under way but initial alignment imperfections would be
critical. To eliminate this concern, a set of spherical seated washers was used in
conjunction with each load cell to eliminate any initial misalignment.
2.2.2 Ogive Shaped Wedge Tests
The ogive wedge is a split wedge whose two halves can be spread apart
incrementally. The specimens are tested with various wedge spacing increments to
simulate various depths of penetration of a rock into the hull plating. Each of those
increment, later referred to as depth of penetration or D, is run through a given length of
plate. That is, the first run is conducted with one wedge gap setting on the first third of
the specimen. The second run is then conducted with the second gap setting, but this time,
it is conducted on the first two-thirds of the specimen, and so on with the third test,
conducted on the full length. 6 different runs were conducted on the specimens with eight
stiffeners and 3 were conducted on the specimens with four stiffeners. Important
parameters are included in table 2.6.
Table 2.6 Tests Parameters
Test Run # Length of Damage Depth of
8TF is 8 stiffeners (mm)from contacting Penetration
4TF is 4 stiffeners top of plate D (mm)
8TF run 1 100. 15.1
8TF run 2 140. 15.9
8TF run 3 230. 16.9
8TF run 4 230. 18.5
8TF run 5 230. 20.8
8TF run 6 230. 27.43
4TF run 1 80. 13.6
4TF run 2 80.-160. 19.4
4TF run 3 160.-230. 26.1
The June 1994 experiment on periodic damage without fracture was conducted
with a solid ogive shaped wedge. Plate rupture was expected during this experiment.
Before deciding on exact wedge gaps, calculations had to be based on test results. Pilot
tests conducted in January confirmed that the maximum wedge spacing still would not be
sufficient to provoke fracture of the plating. Information was nonetheless deemed
sufficiently important to carry on with the experiment.
The arrangement for wedge spacing relied on precision washers. This provided an
adaptable wedge that could be adjusted as needed to increase the penetration depth. The
variable geometry feature, coupled with the small wedge size and high forces expected,
proved to be quite a challenge to harmonize. The small distance between the two frames
holding the test specimens further complicated the design.
Design Such a small wedge created many difficulties in the design stage. This
paper only discuss the final product. Supporting calculations can be found in Appendix B.
To determine initial forces acting on the wedge, a two-dimensional model was made and
a kinematics friction factor of 0.4 was assumed. A second assumption was to estimate the
position of the point of contact of the resulting maximal force on the wedge. It was
chosen by letting the resulting resultant total force on the wedge be perpendicular to the
wedge face midway between the initial plate contact point and its largest diameter.
The maximum in-plane force expected was based on Bracco's (1994) experiment
with longitudinally stiffened specimens. An alternative force determination was also
attempted using Choi et al. (1994); further progress required both experimental data.
Results from the angled wedge design was also used in determining the required
transducer so as to allow use of the same transducers. Selection of the correct transducers
for the two types of experiments yielded a margin of safety of nearly 38% for this
experiment.
The second step in the design was to decide the number of transducers to locate
within the wedge. Following calculations concerning possible point loading of the
transducer, it was decided to opt for the stability of a tripod arrangement. This
arrangement also provides resistance to rotation and ensures no point loading. The two aft
transducers were placed as close as possible to the rear of the wedge to prevent bending
moments. Similarly, the forward transducer was placed as far forward as possible to offer
a stable arrangement. See Figure 2.12 for a wedge schematic.
The third step included the design of the support mechanism for the two wedge
halves. A forked column linking the wedge and the test machine was designed to sustain
twisting moments and buckling forces. Its shape ensured that minimal force was required
to close the two ends of the fork so that the transducer reading would be as accurate as
possible. See Figure 2.5. It is a rectangular bar with the lower part split in the middle.
Each fork of the bar holds a transition piece that is bolted to it by two screws. In turn,
each wedge half is bolted to one of the transition pieces by two screws, as in Figure 2.6.
These screws can be adjusted so that each half-wedge can be moved in-and-out to vary
the wedge gap between them. A channel is cut in each wedge half to help link it to the
transition piece. The current design allows a maximum wedge gap of 28.6 mm.
The internal design of the wedge called for the presence of recessed holes to
accommodate the transducers when the wedge is in closed position. Coupled with the
recessed holes were guiding pins to hold the spacers, transducers and required spherically
seated washers. The lengths of those guiding pins had to be variable. Different pin lengths
are available and can be interchanged as required to vary the wedge gap. The spacers are
precision washers that are stacked to achieve the correct height. Small trenches are also
included in the wedge halves to prevent pinching of the transducer shielded cables. The
ogive shaped wedge is represented at Figure 2.7. A complete assembly arrangement
drawing is enclosed at Figure 2.8. Photographs of the wedge, its transducers, and one of
the four stiffeners specimen can be seen in Figure 2.9 and 2.10.
Fabrication As with previous experiments, all machining was conducted at the
MIT Civil Engineering Machine Shop by Mr. A. Rudolph and Mr. S. Rudolph. Some
modifications to the initial design were made at this stage to facilitate fabrication. Useful
interaction with the machinists was vital in minimizing redesign.
The available mild steel wedge was slightly shortened to obtain a gripping surface
for further machining. The base diameter was also reduced. The wedge was then cut in
two and internal machining conducted on the identical halves. The forked column and
transition pieces were then completed, all of mild steel. Hardening of the wedge halves
was not required since no plate cutting was expected with the shallow angle of contact
anticipated.
2.3 Instrumentation
This section details the data acquisition portion of the experiments. With the
addition of three new transducers, the data acquisition system became significantly more
complex than with the Instron test machine alone. Consideration of excitation voltage,
temperature change, signal noise, amplification, Wheatstone bridge balance, and data
sampling rates became necessary. To further complicate the experimental set-up, the
laboratory computer suffered a fatal hard drive failure early in the fall of 1993. A
replacement computer was obtained and installed in the laboratory. The data acquisition
program from the old computer, however, did not survive and new software and computer
board were ordered and installed. The principal goals of the data acquisition portion of
the experiment was to obtain sound data at sampling rate that was adequate to capture all
of the information while avoiding susceptibility to brief voltage fluctuations that may
erroneously influence the data.
2.3.1 Experimental Set-up
The transducers provide a voltage signal that may be converted to a force
measurement. The Instron test machine transducer signal passes through a filter installed
in the test machine. The transducer's excitation voltage is also provided by the test
machine. The three smaller load cells, however, lack any of these provisions.
The Instron transducer is integrated with the test machine. It has its own power
source and is filtered to prevent signal noise contamination related to ambient and power
related noises. Gain cannot be applied to the output signal within the machine. The output
signal ranges from 0 to 4 V (at twice the rated capacity). Tests were performed on the
Instron transducer to ensure that it is calibrated properly and that the output signal is
linear up to twice the rated output. Appendix B contains the specific information on these
tests and a test procedure for the Instron test machine. The output signal composes the in-
plane force, FH, measurements.
The wedge transducers are linked by shielded cables to a conditioner/amplifier
which also serves as a power source. The cable shield is not connected to the transducers.
The cables are led from the wedge seats where the transducers are located, along the
forked column, and then across the upper part of the Instron test machine to the
conditioner and amplifier unit where the cables are grounded. The voltage provided is
eightV DC for all three wedge transducers. The signal coming from the transducers is
then filtered (conditioned) and amplified before being taken to the data acquisition board
through shielded cables. A shielded cable is also used to transmit the data from the
conditioner to the computer input ports. These cables are grounded at the conditioner, not
at the computer ports. Appendix B contains the calibration procedures and equipment
settings. The transducer provide the signal for the out-of-plane force, Fv.
All inputs to the data acquisition board are made in a differential mode. This
prevents errors due to a varying zero value between transducers. The unipolar mode is
also used so that all inputs are positive DC values. A Lab-PC+ data acquisition board
was chosen as the analog to digital converter. The board is made by National Instruments
under the brand name of Ni-Daq. The associated Daqware software package is used for
data recording and real-time viewing of the recorded values. See Appendix B for more
details on data acquisition and the associated sampling rates and resolution used.
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Chapter 3
Tests and Observations
This section covers the description of the tests conducted and the observations
made. Similar experiments were conducted on single hull transversely stiffened
specimens with two different stiffener spacings. The first run for this type of experiment
was conducted on a transversely stiffened single hull model with eight stiffeners and a
second run executed on transversely stiffened single hull model with four stiffeners.
3.1 Tests Conducted
Each test specimen is used for a minimum of three different runs. The forked
column between the Instron Test Machine and the wedge was marked at different
locations to indicate where each run should stop. Holding bars were fixed to the sides of
the specimen to prevent tripping of the stiffeners as described earlier. The various
penetration depths for each run were those seen in Table 2.6. Relative positions of the
wedge halves and frame were recorded. Distances are measured from the top of the plate
at the contact point.
3.2 Observations
Eight stiffeners test. The test runs were conducted without major complications.
The first run showed some interesting deformation patterns at the base of the first
stiffener web. With a small deformation forced on the specimen, the web of the first
stiffener started to fold inward upon itself. The flange remained at the same distance from
the initial plane of the hull plate. This deformation pattern continued with successive
runs. This pattern can be observed for the second set of experiment on Figure 3.1. The
end result is a series of folded stiffeners approaching the shape described by Choi et
al.(1994). Some bowing of the stiffener web and flange can also be observed in the in-
plane direction.
After each run, transverse sets of measurements were taken at newly deformed
location on each side of the stiffeners. The wedge is retracted and a series of recording are
made with the aid of a bridge gauge and micrometer, a illustrated on Figure 3.1.
During the experiment, some out-of-plane rocking motion of the linking arm was
observed. The worst case occurred in run 6 for which the forces were the highest. But
even under these conditions, lateral movement of the linking arm was less ten millimeters
and the frame was cleared without contact. Some modification of the frame spacing was
required by another experiment to ensure that there was no contact between the forked
column and frame.
During Run 6, the forward transducer indicated no voltage for part of the
experiment. Since the transducer did read voltage during the backing out of the wedge, it
is deduced that the two wedge halves where opening at the tip. This was made obvious
when the two legs of the forked column touched each other upon buckling. The
experiment was halted two thirds of the way through.
When retrieving the wedge from the specimen, pitching of the wedge was also
observed. The front transducer became highly loaded without approaching safety limits.
Since each wedge half is held by only two small screws, this operation needed to be
carried out carefully.
The wedge was also locally scored during the experiment. The damage may not be
important enough to warrant hardening or plating of the wedge, but this will need to be
further investigated if a high coefficient of friction is involved.
Four stiffeners test. Observation made during this second set of runs were very
similar to those made above. The stiffeners were crushed with the same folding pattern as
previously seen. Figure 3.3 illustrates how the flange of the stiffener initially bends in the
opposite direction of the wedge movement due to longitudinal movement of the plate
forwrd. Once this slight bending of the flange has occurred, more or less in the plane of
the plate, the web started to collapse and fold. A width of web close to the width of the
flange comes into contact with the plate and flattens this portion of the plating.
Figure 3.4 illustrates the web folding behavior. On all the specimens, the fold
hollow is created in the direction of travel, on the leeward side of the web that is crushed.
The pattern is very periodic and so is the stiffener shape, regardless of the number of
stiffeners present.
The plating deformation between the frames is very local. The presence of fewer
stiffeners as in the second set of tests, still forced relatively localized deformation on the
plate, as seen in Figure 3.3.
3.3 Results
Data acquisition and measurements of deformation were conducted for all 9 runs.
This information helped to determine displacement fields for the analysis of bounds to the
limit load. From the acquired data, graphs of the forces were plotted versus ogive shaped
wedge displacement. These graphs are presented in Chapter 4 along with the predicted
forces.
Penetration depth measurements were conducted after each run and are included
in Figures 3.5 to 3.12.
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Figure 3.1 Web Crushing Pattern Viewed From Above
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Figure 3.2 Overall Testing Set-Up Showing the Bridge Gauge After of Run
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Figure 3.3 Flange Bending in Reaction to the Web Folding
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Figure 3.4 Web Crushing Pattern Viewed From Below
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Chapter 4
Theoretical Model
This chapter explains the method followed in obtaining a closed form
approximation of the force required to deform the bottom plating of a single-hull ship
plastically without fracture. A prediction of the onset of fracture and the influence of
transverse stiffeners on the solution are also discussed and included. The predictions are
then compared to the experimental results.
4.1 Upper Bound Theorem
The approach to finding a closed-form upper bound to the problem of plate
deformation without fracture is to use incremental deformation in steady-state mode. This
allows us to find an upper bound to the plastic deformation forces acting on the plating
between the stiffeners. Ultimately, an Eulerian coordinate system is adopted and material
is considered to flow past the fixed points of the reference system. McClintock and Argon
(1966) describe the upper bound principle as follows;
In a rigid plastic continuum, deformation must occur under any system of loads,
Fi , for which a distribution of incremental displacements, u, can be found such that;
the displacement boundary conditions, if any, are satisfied, the displacements can be
differentiated to give strains Ei, with no change in volume anywhere, and the resulting
plastic work done throughout the volume V of the material, found from the resulting
strain, is less than (or equal to) the work done by the external loads acting through the
assumed displacements:
f U dS ijk kdV =o 0fEdV (4.1)
S V V
where Yijk components of the stress tensor
Fij components of external forces
0
uij components of relative velocities
e, component of the strain rate tensor
0o average equivalent flow strength
i,j,k are indices for the axes
0
equ is the equivalent strain rate
This relation is exploited in the following sections.
4.2 Plate Deformation Model
The following section covers the steps taken to obtain a theoretical model for the
force required to deform the plating. The influence of stiffeners is accounted for
separately in Section 4.4.3. Calculation is then made for the plate and the stiffeners
combination.
Upon completion of the experiments, a careful examination of the deformation
measurements of the plate was conducted. Displacement fields were postulated to match
the measured ones reasonably closely.
The first model was made up of polynomials. Each of the three displacement
functions contained either a symmetrical or an anti-symmetrical polynomial function
based on the initial plate coordinates. The number of variables was reduced by inserting
simple continuity conditions for the displacement and strain functions.
The resulting displacement functions were then plotted against the initial plate
coordinates. Figure 4.4 illustrates the comparison between a cosine curve and an actual
set of measurements. The deformation profile from the measurements is actually
narrower, but the current approximation is judged satisfactory to start. It was then
recognized that a much simpler approach could be used by accepting that continuity of
strain be violated for now along the sides of the indentation. Then trigonometrics function
could be used as discussed further in this section.
4.2.1 Preliminary Assumptions
The following assumptions were made;
1. The variation of the displacement component through the thickness is negligible, or
a=
0
az
2. Constant stress through the thickness
3. The components of speed V,, and Vz are negligible, or V,,Vz << V on the deformed
plate
4. Continuity of the displacement field at the boundary
5. Continuity of the strain field is desired, but not essential at this time, at the boundary
6. In both the U and W dislacement fields, the extent of the deformation in front of the
wedge is assumed to be the same as that in the transverse direction. This extent is
denoted as B as shown in Figure 4.5. In reality, the deformation in front of the wedge
is bounded by the transverse stiffeners and therefore is dependent on the relative
position of the wedge. The additional complexity of having a parameter varying in the
1 direction was judged unnecessary at this point.
4.2.2 U Displacement
The x displacement, U, is taken to be a function of both x and y. It could be
observed on the test specimen that the plating directly above the wedge had been pushed
ahead so as to compensate for the tension of the plate above the front part of the wedge as
if it were displaced directly up, with rotation and stretching of the element due to tilting.
The displacement field U is then negative at the origin, following the sign convention of
Figure 4.5 and x and y are non-dimensional coordinates. The conditions required for the
field to be valid are, for the x direction:
1. A negative displacement at the origin, U(0,O) = uo
2. Zero displacement at; U(x = -1,y) = 0 , U(x, y = +1) = 0
aU(x = -1,y) au(x = -1,y)3. Zero slope at the following locations; x -,y) U(x =0,
ax ay
DU(x, y = ) a_ U(x,y ± 1)
- -0
ax ay
Trigonometric functions are used for their inherent adaptability to the conditions.
As an approximation, the displacement field U as function of x is taken a cosine function.
This allows the modeling of a non-uniform strain distribution without discontinuities. The
displacement field U as function of y is also taken to be a cosine function. Therefore, the
equation of U that satisfies all boundary condition is;
U(x, y) = . [cos(xy) + 1]. [cos(cx) + 1]. B (4.2)
4B
where uo maximum amplitude of the amount of U displacement function; it
is here normalized by dividing it by B
x,y non-dimensional deformed plate coordinate in the 123 axis
B half-width between two longitudinals, or also the distance from
maximum penetration to a longitudinal frame
The amplitude also represents the amount of plate pulled-in from the top and
pushed ahead of the wedge to minimize the stretching due to au/lx . This assumption
implies that the plate is not entirely actually stretched and recompressed in front of the
wedge, but rather it appears that the required material is pulled from the deformed area
above the wedge. This is one way to emphasize the shear contribution of this type of
deformation. This can be observed on experimental specimen, in the form of a small
recess at the leading edge of the plate where material has been pulled-in to compensate
for the plate elongation in front of the wedge. There is then minimal overall stretching of
the front material and material at the origin is pushed ahead of the wedge by uo . Relevant
calculations for uo can be found in Appendix C. The coordinates x and y are made to
vary uniquely between -1 and 0, and -1 and 1 respectively. Figure 4.1 represents the non-
dimensional variation of u along the x and y, respectively.
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Figure 4.1 Non dimensional variation of the displacement field U.
4.2.3 V Displacement
The y displacement, V, is taken as the coupling of a sine and a cosine function.
Once again there are boundary conditions to satisfy for the displacement field to be good.
They are for the y direction:
1. Zero displacement at the origin, V(x,O) = 0
2. Zero displacement at; V(x,y = ±1) = 0, V(x = -1,y)= 0
3. Zero slopes at the following locations; -V(x = -1,y) -V(x =0,
ax ay
aV(x, y = l) - V(x,y + 1) 0
ax ay
The conditions are met similarly to the previous case and the following
displacement field for V is retained;
K 2YV(x, y) = - [cos(irx) + 1] sin(-ty) .cos2 (-) - B (4.3)
2B 2
K is the maximum amplitude of the V displacement function and K/B is an
unknown to be determined by minimizing the final upper bound. This is done in
Appendix D. It can be noted here that the variation of the V displacements with y as
shown on Figure 4.2, represents a sideways migration of the points. This is allowed to
happen with the specific goal of reducing the strains at the mid-point and to account for
the tilting of the plate while it is being deformed upward. The importance of this
contribution on the overall equivalent strain is evaluated in Appendix D and is found to
be of the order of 5% difference when compared to the case where no K parameter is
retained.
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Figure 4.2 Non dimensional variation of the displacement field V.
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4.2.4 W Displacement
The displacement field in the z direction, W, is perhaps the easiest to determine
from the deformed model geometry. A cut-away section of the deformation is readily
available at the edge of the plate. A function to represent the displacement in the z
direction can be made by curve fitting experimental data, by using a cosine function with
maximum value at the origin, or by using a similar construction from estimated plate
radii. The method judged to yield the closest results to the experimental results and
offering the best workability is once again through the use of trigonometric functions. A
cosine function has been retained for the elevation. It is as follows;
D
W(x, y) = -- [cos(7x) + 1]* [cos(7y) + 1]. B
4B
where D is the penetration depth here divided by the half-width B to non-
dimensionalize it.
The non-dimensional variation of the W displacements is represented in figure
4.3.
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Figure 4.3 Non dimensional variation of the displacement field W.
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4.3 Strain Fields
In determining the strain field from the displacement fields, certain assumptions
are made, the first being that displacements U and V, in the x and y directions for a
particular point, are small when compared to the displacement W in the z direction. This
allows us to neglect their second order derivatives when compared to first order
derivatives or to second order derivatives of the W displacement field which are not
negligible. This simplifies the use of the moderately large deformation equation for strain
(Fung 1969). This section details the steps taken to obtain the strain fields.
4.3.1 Strain Fields Derivation
Recalling the assumptions made, the strain fields can be readily obtained by
differentiation of the displacement fields:
a iaE x = U(x, Y) +1 ( W(x, y))2 (4.5)ax 2 ax
e, =-V(x,y)+-( W(x,y)) 2  (4.6)
ay 2 ay
ia a a a
e =X [- U(x, y)+ V(x, y)+ -W(x, y) W(x,y)] (4.7)
S 2 ay ax ax ay
where e y are components of the Langrange strain tensor
x,y are non-dimensional coordinates in the reference system 123
U, V, W are the displacement fields in direction 123 respectively
It should be noted here that all the strains are expressed in the 123
reference system for which the undeformed plate boundaries are the same. Although the
coordinates x,y are expressed in the same reference system as the initial plate coordinate,
each point represents the strain of that point's final position on the deformed plate. Use of
a flat reference surface will facilitate the surface integration.
4.3.2 Equivalent strain calculation
Assuming that strain hardening is isotropic requires an increase in the flow stress
with some scalar function of the plastic deformation. The plastic work is obtained by
using an equivalent strain increment defined such that the product of the equivalent flow
stress by the equivalent strain increment gives the plastic work e.g. Liebowitz 1971.
Using the von Mises yield criterion and plane stress gives the equivalent strain increment
0
E equ for the point ac, 3.
0 2 90 20 2 0 0 0 2
C equ x2  4 .x yxy4.8)
The process to model is assumed to be steady-state and it is convenient to adopt
an Eulerian approach once the strain rate has been found at a particular point The minor
speed components in the vertical and lateral direction are considered negligible, and
contribute very little to the local strain rate. Thus, each strain rate increment can be
expressed in Eulerian coordinates by considering the material derivative relative to its
position:
0V = =V (4.9)
where V is the wedge velocity in the 1 direction
For steady-state:
(4.11a)
ax
o
E, =-E +
~ at •
atxy xy
-V.EV = V --
ax '
+V -VE =V Exy xy
The equivalent strain rate increment for a particular point can now be rewritten as;
o 2
equ Jax
2
+
ax
+ +
ax ax ax
(4.12)
The equivalent strain increment is now expressed for each point of the original
coordinate system, with the aid of Equations 4.2 and 4.7.
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x
azay
ay
_az_
(4.10)
0 a6x =-E .tx +VVx
at X
(4.11b)
(4.11c)
4.4 Internal Rate of Work
With an equivalent strain rate, the internal rate of work W int can be calculated. It
is defined as the work done by the internal plastic strains, and can be written as;
Wint J 00 eqvdV
V
(4.13)
With stress assumed constant through the thickness, the average flow strength oY
is taken outside of the volume integral. Equation 4.13 can be further simplified by
recognizing that half the deformed volume is just a mirror image of the other one, so that
by symmetry;
0 - D K )Wint=22ot t V- edVdf=2fot. V. 0 pE BB00
where t
(4.14)
is the plate thickness.
Since the
can write that:
strain increments are expressed in the original coordinate system, we
do = dx, and do = dy (4.15)
4.4.1 Least Upper Bound
The unknown parameter K representing the V displacement amplitude as a ratio
of the half-width B, is now determined by finding the upper bound solution that
minimizes the internal rate of work. This is done in Appendix D, by finding the value of
P
K/B that minimizes the internal rate of plastic work for various values of the ratio of the
normalized depth D/B. A relation between the K/B and D/B is then found by fitting a
function to a sufficient number of those minima. The equation is obtained in Appendix D
by finding the minimum value of Ep(DB,KB) from Equation 4.14 as a function of D/B.
The resulting function is then curve-fitted with the aid of a cubic polynomial and the
result is as follows:
= 0.016 - 0.293 - + 1.555 - - 1.232. (4.16)B B B B
This equation is used to eliminate the parameter K from the calculation of
Ep(DB,KB) in Equation 4.14.
4.4.2 Resolution of the Surface Integral
The surface integral is solved by numerical integration, using Simpson's method.
A double four point integration is conducted, yielding sixteen points on the surface which
have respective weighing factors. The resolution procedure is covered in Appendix E.
The solution is then curve-fitted by a polynomial in order to simplify it. A third order
polynomial did not yield substantially different results from a quadratic equation, hence
the later was retained to express the solution.
o - D 2
Wint = 2.246 - t 0V (4.17)B
4.4.3 Stiffener Contribution to Plastic Work
The presence of stiffeners provides some added resistance to the plating. There are
alternative ways to account for their contribution on the horizontal forces and vertical
forces. An equivalent plate thickness could be used. In this option, the stiffeners are
smeared onto the plate by spreading the material uniformly over the plate.
A
equ b plate
where A,
(4.18)
is the cross-sectional area of the stiffener
b is the distance between the transverse stiffeners
An alternative is to use the contribution of the stiffeners as covered by Choi et al.
(1995). They propose a mean vertical plastic force required to deform a stiffener,
independant of the depth D. This later relation will be used and added to the plate
contribution.
(4.19)Ff web web 24
where Hweb
tweb
FIstif
height of the web
thickness of the web
force for plastic deformation of the stiffeners, also Fs
This vertical plastic force is used in Appendix F for the calculations of the friction
contribution and overall force resultant, both horizontal and vertical.
4.5 External Rate of Work
The external rate of work can be described as work accomplished by external
forces over the surface. These forces are due to the vertical force of the stiffeners resisting
the crushing, Fstff , and the horizontal forces, Fhorizontal . If we assume that the
displacement rate, uap = V , is constant over the entire contact area, the external rate of
work can be expressed as;
0 0
We= dS = V Fhorizontal (4.20)
S
where Wext is the rate of work of the external forces
Fhorizontal is the horizontal force, also FH
4.5.1 Force Due to Friction, Ffriction
There are many difficulties in determining the component of frictional forces.
Probably the main cause of error in any prediction is due to wide variation in shapes
attributed to the deforming object, or rock. The problem of rock geometry has been of
great concern since the absence of a mean or expected shape or geometry for it prevents
us from making accurate estimations of the contribution of friction.
In the following discussion, a rock shape with an ogive profile is retained. It is the
wedge shape used in experiments covered by Chapter 3. Deformation of the hull before
rupture and the prediction of forces is important here so that the fairly soft slope of the
ogive profile should serve as a good approximation of rocks likely to cause this type of
damage.
During the experiments, the scoring marks left by the wedge were observed to
occupy a narrow band along the deepest deformation point of the plate. Hence, a further
assumption will be to assume that the frictional forces act at a single point on the plate
which will be assumed to be at mid height on the centerline of the wedge. With the
equation of the ogive profile, it is possible to link the depth of penetration, D, with the
angle at which contact occurs,0 . The ogive profile equation as a function of the
penetration depth D in millimeters is;
xl = r63.9. D (4.21)
where D is the penetration depth in millimeters
xl is the coordinate of the contact point of the assumed resultant force
The angle between the horizontal and the normal to the surface is calculated at the
half depth of damage as an approximation for the point of contact of the overall friction
force. With the point of contact known, the angle between the horizontal and a parallel to
the surface can be calculated by:
0 = arctg( ) (4.22)
12.679
The coefficient of friction, j , is between 0.3 and 0.4 for metal on metal which
was the case for the experiments. A lower friction factor could perhaps be used for
prediction of frictional forces between a rock and the ship's bottom. By carrying out
appropriate force balance, the frictional force can be expressed as a function of the
applied forces. The complete derivation can be found in Appendix F.
- D 2  _F, = 2.246a. tV •+ F,,ff -tan (p (4.23)S0(1 )
(pRcosO + sin6)
where (p is the local contact angle at the base of the stiffener; it is function
of the relative position of the wedge as per Equation F.6.
(cosO - g sine)F, = FN, (cosO - gsin0) = F (cos (4.24)(cosO + g sin0)
where Fv is the net vertical force required to deform the stiffeners and the plate
as well as part of the friction contribution. It is also referred to as Fv.
4.6 Closed-Form Approximation Including Friction
All the elements of the solution can now be combined. The internal rate of work is
equaled to the external rate of work. Finally the closed-form solution for the prediction of
the horizontal component of force in a grounding incident where the bottom of a single-
hull ship is deformed to a penetration depth of D is:
- D2 1
FB = 2.246a t + Fs, -tan ( (4.25)
(g cos0 + sin0)
Dir I .xs 1p = 2B sin( ) (4.26)
and
(cos0 - I4 sin0)F, = FN (cosO - g sinO) = F sO(L cose + sine)
(4.27)
The unknowns are the depth of penetration, D, the coefficient of friction, t , and
the average flow strength, a . The angle of contact 0 is found from equation 4.22 and
the equation can be calculated along the path of the wedge for the various xs.
4.7 Comparison with Experimental Results
There has been two series of experiments, all on transversally stiffened single-hull
but with two different stiffener spacing. Table 4.3 contains the essential elements for
applying the theoretical equation for the prediction of both reaction forces. Run 6 of the 8
stiffener specimen is not included due to buckling problems during the experiment.
Table 4.1 Experimental parameters.
Test Run # Length of Damage Depth of
8TF is 8 stiffeners (cm)from contacting Penetration
4TF is 4 stiffeners top of plate D (mm)
8TF run 1 10.0 15.1
8TF run 2 14.0 15.9
8TF run 3 23.0 16.9
8TF run 4 23.0 18.5
8TF run 5 23.0 20.8
8TF run 6 23.0 27.43
4TF run 1 8.0 13.6
4TF run 2 8.0-16.0 19.4
4TF run 3 16.0-23.0 26.1
The data used to compute the theoretical curves is as follows:
B
t
D
0
equivalent flow strength, from Bracco (1994) stress strain curves for the
same plate thickness: 325 MPa
distance between the main longitudinals: 146.05 mm
thickness of the plate: 1.130 mm
coefficient of friction: 0.35
depth of penetration: as per Table 4.1
angle of contact on the plate: as per Equation 4.22
4.7.1 Discussion
Results from all the above runs are included in presented in Figure 4.7 to 4.14.
Each set of data is compared to two different cases.
In the closed-form solution of equation 4.26 and 4.27, an average plastic force is
assumed to represent the plastic deformation of the encountered transverse stiffeners. The
value is taken from work done by Choi et al (1995). The average plastic force put forward
in their solution does not depend on the depth of penetration. Actual variation of this
force with penetration depth is shaped much like a parabola with a minimum at a fraction
of the depth of penetration over the web height (D/Hweb). The predicted force is therefore
not large enough at small and large D/Hweb, and overestimates reality for the middle range.
The experimental procedure described in chapter 3 is very important to
understand the curves appearance for each run. Each specimen was in fact used for at
least 3 consecutive runs, therefore short sections of the plate only can be examined.
Furthermore, Figures 4.13 and 4.14 represent runs conducted on plates already deformed
to a certain depth by prior runs. Force represented are that of a single plate only.
Also, each curves exhibits an initiation phase to the left of the graphs. Useful data
is found after about 3 to 4 centimeter of newly deformed plate is engaged. Spikes in the
forces level are indicative of the presence of stiffeners and further penetration into an
already deformed plate. The reader should refer to Table 2.4 for the exact stiffener
location for each specimen.
Effect of the angle of contact 0 . Another very important parameter in the
closed-form proposed solution (equation 4.26, 2.27) is the contact angle. Combined with
the friction coefficient, it acts as a multiplier of the plastic deformation force to predict
the horizontal force. It also affects the vertical force prediction. This influence changes
with the varying magnitude ratio of the plastic forces from the web and plate
deformation. The importance of the angle of contact is highly decisive hence the
assumptions made certainly need to be revisited. This is also true for the contact angle at
the base of the stiffeners, (p.
4.7.2 Correlation with Results
All experimental results are presented in sets of two. The upper graph compares
the predicted horizontal and vertical forces with there experimental counterpart.
Figure 4.7 to 4.12. The predicted horizontal forces are clearly an upper bound to
the experimental results for both the 4 and 8 stiffeners specimen. The vertical forces
predicted however are much lower than measurements indicate in the case of the four
stiffeners specimen. Vertical and horizontal forces prediction are very close to measured
values for the 8 stiffeners specimen, when looking at the fully initiated part of the curves
on the right hand side of the graphs. The agreement between theory and experimental data
for the 8 stiffener run 2 illustrated at Figure 4.10 is extremely good. The vertical force
between the stiffeners on the 4 stiffeners specimen is underestimated.
Figure 4.13 to 4.14. They represent successive damage, or penetration, over a
stretch of plate already deformed to a prior depth. For this reason, the force predictions
for these runs were expected to be much higher than the experimental values. Although
strictly not useful at the moment, they provide a net proof of the coupling between the
vertical and horizontal components of the forces. The stiffeners location is also clearly
indicated by peeks in those forces. Predictions are well above the actual forces at the
frames. This is to expected since the depth of deformation is actually less due to prior
deformation.
Overall, the agreement is very good between the horizontal force prediction and
the experimental data in between stiffeners. The solution clearly provides an upper bound
to the horizontal force. In the case of the vertical force and at stiffeners location, the
agreement is not as good and will need to be revisited.
4.8 Determination of the Depth to Failure
4.8.1 Problem Definition
The range of validity of the closed-form is now determined. Assuming that the
encountered rock does not project a knife-like structure against the hull, the small D/B
ratios of the solution can be disregarded. In fact the plating must be allowed to deform
without being locally subjected to infinitely small radii of curvature of the rock tip.
At the other end of the spectrum comes the moment when the maximum shear in
the material has actually been reached. This is when the solution goes from a strictly plate
and web deforming mode to a case of cutting and rolling. This section develops such a
relation by postulating a deformation shape for the plate and accounting for strain due to
stretching and bending of the plate.
4.8.2 Mathematical Model
The plate deformation model along with a coordinate system description can be
found at Figure 4.10. In order to limit the number of unknowns and reduce the
computational time, a two dimensional membrane problem is postulated. It is composed
of two identical radii, R, of plate curvature separated by a breadth B which becomes
larger with increasing depth of penetration, D. The ratio of R/B is called non-dimensional
radius and can be found from experiments to be almost constant if B is allowed to grow.
This later condition is satisfied only if B is less then than the available breadth as
illustrated. Once the model is built, it can be noted that the entire deformed shape of the
plate is a function of D. Here are some of the assumptions made for the model;
1. A membrane problem is assumed
2. No strain in the x direction
3. No through thickness stresses
4. Plate thickness, t, is much smaller than R
4.8.3 Bending and Stretching Contribution to Strain
Although it is expected that the bending contribution to strain is small, the author
wants here to develop the model as completely as possible. The total strain of the plate
can be expressed as;
ST LsRf,dl - LSRo,dl
8 T = (4.28)LsRo,dI
where E, is the total strain on the plate
LsRF,d, is the arc length of the element at the coordinate s on the final radius
LsRo,dl is the arc length of the element at the coordinate s on the original
radius
The arc lengths are function of dl and the original, Ro, and final radius, Rf, and
can be expressed as;
LsRo,dl = dl .(1 - ) (4.29)Ro
LsR,dA = dl -(1+ Fe) -[1- ] (4.30)
Rf
By replacing with their corresponding equation, we get;
s s-E, + S
dl.I[1+ - S - 1+ ]
S s f Rf Ro
Sdl (1- )Ro
Ss
E,= s
1-
Ro
(4.31)
(4.32)
1 1
s(1- 
,) 
-Rf  Ro
1-
Ro
Since it is assumed that t<<Rf,Ro, and s<t, then the total strain can be expressed as;
1 1
, = e -s -[ ] (4.33
(1-Es,) -Rf  Ro
4.8.4 Bending Strain as a Function of Plate Geometry
According to the previous equation, maximum bending contribution occurs when
the change in curvature from Ro to Rf is the greatest. According to the retained
deformation model, this occurs at B/2 when the two radii meet. The change in curvature
at this point is equal to twice the assumed curvature, 1/R. Hence the worst case of
bending strain can be expressed as;
t 1 1
E b = -- [ (4.3z2 (1-,s ).Rf Ro
t 2 -E
E b = F s ] (4.3t2-R 1-E s
where Eb is the strain due to bending of the small plate section
5)
)
4.8.5 Stretching Strain as a Function of Plate Geometry
The stretching strain is calculated from the assumed displacement fields V and W
along the y axis. Since it is proved in appendix D that the error implied by not using the
displacement field V is of only 5%, it is not used in the following approximation of the
stretching strain.
, 
=  [ W( '0, )]22 ay
D2__ 2
= D 2 sin2 (-)
4B B
(4.36)
(4.37)
where E is the strain due to stretching of the small plate element
Strain due to stretching is assumed constant through the thickness. It is maximum
at y = 0.5, or at mid length of B. Its maximum value is then:
D2 2
S4B 2 (4.38)
4.8.6 Failure Prediction
Failure will occur when the combined strains due to stretching and bending are
greater than the maximum flow strain. This can be summarized as follows;
e = s+Eb >E (3(4.39)
2 2
t 4B 2
E -, - -[ ] (4.40)
4B 2  2R D2• 2
4B2
At this point, it can be seen that the bending contribution to strain is proportional
to the ratio of the thickness over R, which was assumed negligible. For this reason, the
bending contribution is neglected in the following discussion.
4.9 Comparison of Failure Depth prediction with Experimental Results
In the following section, the relation derived for the prediction of depth to failure
is evaluated against results from an experiment conducted by J. Rodd at the Carderock
Division of the Naval Surface Warfare Center(CDNSWC). Data is taken from
Rodd(1995) and represents typical values from a scaled down version of a conventional
T-5 double hull tanker.
1. Thickness of the inner bottom plating; t = 0.119 in
2. Available half-breadth can be estimated at; Bavailable = 40.625 in
3. The hull separation, H, was 14.75 in
4. Maximum flow strain; Fo = 0.25
5. Failure occurred when D = 1.4 from the outside hull, or D = 0.4H from inner hull. H
H
is here the height between the two hulls.
Failure prediction can be readily made if the flow strain, 0 , is known. For the
case of a flow strain of 0.35, failure occurs when the dimensions penetration depth, D/B,
is of 0.38.
From above failure is said to occurs when:
D D B 15.625"
- = 0.38 = - = 0.38 = 0.40
B B H 14.75"
The value is exactly the same as the one measured during the above mentioned
experiment. A point should be made clear here; The actual failure mode in the experiment
involved a crack progressing from the web of a transverse frame and jumping to the inner
hull plating ahead of the rock position. The above prediction is made for a semi-static
case where fracture is said to occur on the side of the rock as it goes deeper into the hull
plating. In this respect, the simple model fails to include failure effects due to the collapse
of adjacent members. It nevertheless provides the required boundary for the application of
the closed-form solution to plate deformation from section 4.6.
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Chapter 5
Conclusions and Recommendations for Future Work
5.1 Conclusions
The successful design and testing of transversally stiffened specimens has
provided very important information:
1. The web deformation mode has been confirmed for a moving force instead of an
assumed stationary indentation process.
2. There is indication that a link exists between the magnitudes of the horizontal and
vertical forces thereby confirming the assumption that a resultant force can be
considered to act at a single point of contact.
The development of an upper bound to the horizontal friction load and of a
prediction of the depth of failure have brought about the following information:
1. The choice of the transverse (V(x,y)) displacement field enables a reduction of the
upper bound in the order of 5%.
2. The importance of a good estimate for the overall point of contact of the forces and
also for the friction coefficient can have effect of up to 100% on the final results.
3. An average force for plastic deformation of the stiffeners does not represent correctly
their contribution to the horizontal or vertical forces.
4. The horizontal reaction force due to the plastic deformation force yields values that
are within 10 to 20% of the experimental values.
5.2 Recommendations for Future Work
With the current estimates for the friction coefficient and for the angle of contact,
the proposed solution is misrepresented. The problem has been narrowed down to the
contribution of the friction and of the angle of contact. Assuming that the upper bound
solution for the horizontal force is a good approximation of reality, the problem can be
taken in reverse and the actual contact angle and/or friction coefficient can be found. The
proposed solution would greatly profit from further work on the following topics:
1. Revisit the influence of the contact angle on the overall forces predicted by perhaps
suggesting another model for the location of the contact point. Ideally, all stresses on
the whole surface of contact should be integrated to obtain the location and magnitude
of the resultant. Since the local stresses are unlikely to be obtained, another model for
the position of the contact point as a function of the depth of penetration needs to be
found.
2. Revisit the friction coefficient estimate. Plot the dependence on this parameter and
propose a new coefficient. It could be based on the actual experimental data, using the
ratio of horizontal to vertical forces as a basis for the estimate.
3. The forward length of deformation of the plate was assumed to be the same as the
lateral length of one side (B as per Figure 4.5). This assumption is not exact when the
wedge approaches a transverse stiffener. The forward length of deformation should be
made to vary as a function of its relative position to a transverse stiffener.
4. The shape of the assumed deformation field W(x,y) could be made to follow more
closely experimental data points as illustrated at Figure 4.4. The narrow deformation
pattern from experimental data could be represented by trigonometric functions
elevated to a giver power. The effect of this last modification is not expected to
change the solution by more than 5 to 20%.
Appendix A
Supporting Calculations
A.1. Calculation of Maximum Load Cell Deflection
Load Cell Specifications
Manufacturer: GSE, Inc., Farmington Hills, MI
Model Number: FT-437
Type: Washer, full whetstone bridge
Make: Steel flexure with aluminum cover
Dimensions and characteristics:
Inner diameter: d i:= 0.438in
Outer diameter: d :=0.875in
Height: h :=0.42in
Young's modulus: E := 30 i1.psi
Set Poisson ratio for elastic response: v :=0.3
Model as a thick-walled cylinder
Coordinate system z axis in line with heiglS,for change in angle, r in the radial directi
Boundary conditionsAssume compression along z axis only with no restrictions radia
Assume worst case load: Pmax 150001bfmax (compression)
Cross sectional area of cell: A:= .(d 0 2 d )4
Maximum stress allowable:
A
A = 0.451*in2
z = -33285.5"psi
Other values due to boundary conditions: or := psi
msv
a0 := 0-psi
Solve for deflection along the z axis and in the radial direction:
sz:= az- v(ar+ ee)l
sz = -0.001 8z:=s 'h
z = -4.6610 -4 -in
er:= [r- v(z+ aGO)]
Sr = 3.329104
8 r = 1.45610- 4 in
Deflections are not significant even at maximum load. As a check on calculations, us
manufacturer's computed spring constant for the model FT-375 (one model below tl
FT-437) for displacement along the axis of compression. Where:
K 375: 15.68 10d
. l f
in
P max
Kz375
K 375
P max= -15000lbf
8z375 = - 9 .5 6 6 10-4in8z375=- 9 56 6 10 *in
This agrees with the magnitude of previously computed maximum deflections. Load
placement should allow some slight allowance for radial expansion. The maximum
decrease in height will be applied to connecting rod deflection calculations to determ
shear forces developed at the connecting rod/wedge interface. These shear forces
developed should be small in comparison to those expected transverse forces for the
measurements to be accurate.
dr
8r :=r 22
A.2 Design Calculation for Ogive Shaped Wedge Experiment
The following appendix includes required computations for safe working condition of the
wedge and transducers.
A.2.1 Transverse force estimation
The maximum transverse force expected on the cylindrical wedge is derived with the
aid of a typical kinematic friction coefficient and the maximum in-plane force experienced in
previous experiments. It should be remembered that the aim is to find the maximum
possible transverse force in order to select appropriate load cells.
Assumed kinematic friction coefficient for dry steel on steel; Friction
Force
Assumea to e k .4
Maximum vertical force observed;
F x = 29000.N Bracco (1994)
The resultant force contact point for the case of
no wedge gap(ie. original wedge geometry), is assumed
to have two force components; a tangential force T and
a normal force N. The angle between the vertical and
the tangent (7v-a) at the contact point is estimated for
worst case, at;
0 := 15-deg 0 = 0.262
it
lat
e
The lateral force is found by Start by guessing force P and other forces by
guessing them and solving geometry with known angles.
Guess P = 1lbf T:=l-lbf Fla:=1.lbf
With the vertical force known, T and N can be found.
Given
Vertical force balance T-cos(O) + P-sin(e)=Fm 91
Horizontal force balance -P-cos(O) + T-sin(O)=F lat
Influence of friction
P
S Find(P, T, F lat)
Flat
P
T
Flat
1'bf
It can be seen that the lateral load for the worst expected case isF lat = -4.357* 103 Ibf
With the current size limitation of the cylindrical wedge, one type of load cell was retained
There are two specific transducers that can take this loading and still fit in the cylindrical wedge.
The first transducer model is good for 0 to 10 klbf and the second is good for 0 to 15 klbf. The
factor of safety achieved with the first transducer of load cell is;
10000-lbf- IF at
FS000bf
10000. lbf
FS = 0.564
Although the calculations have been very conservative, this type of load cell is very
sensitive to point loading and therefore such a low factor of safety is inacceptable. The retained
load cell, as discussed in Section 2.2.1, has a range from 0 to 15 klbf.
I
A.2.2 Further calculations
The vertical member holding the cylindrical wedge
is composed of a rectangular bar attached to the Instron
load cell to measure vertical forces. This bar is split near
the wedge to allow for lateral deflection and force
measurement. The first step is to ensure that the chosen
dimension require only a small force to bend this bar.
Bending force neccessary to deflect the wedge
half the distance seperating the two wedges.
1.gap :=--in
8
E
n1
L
Vertical
Force
Posslolte
Buckling
location
2L~
I
,.
I[
Lower bar dimensions/characterisitcs;
9depth d lbar = : in
16
length Llbar := 10in
width w Ibar := .in
E bar := 30-0l6psi
G bar := 11.6-106.psi
w lbar'. Ibar
S:= 12
I =0.015in4
Assuming the intersection of the lower bar and the upper bar constitute a solid joint, the
force required for bending one of the the forked column leg half the distance between them is;
1
3-E bar.I yyY'gap
Fshear 3
L Ibar
F shear = 83.427-lbf
Fshear
at 1.915*%
Flat
The force required to bend the lower bar and allow for the load cell to feel the load is
calculated above. It is seen that this force is small, especially when compared to the maximum
expected lateral load. The present internal geometry of the wedge allows the load cells to read
the lateral load with minimal load error due to the force required to bend the forked column legs.
Buckling under vertical load.
Lateral buclking under high vertical load should be checked. It is assumed that the lower
bar is clamped at the upper side and that the lower end is between the clamped and free
condition. ( k is between 0.7 and 2.0).
Assume k := 1.0 2
Buckling force required F cr *Ebar' y
(k'L lbr)2
Fr =4.391-10 -lbf
Fmax
- = 14.846*%
F cr
It can be seen that the maximum expected force is less than 40% of the buckling force
for the lower bar. With the plates contributing additional support laterally, buckling is not a
concern for the assumed conditions.
Torsion under off-centered loads
The moment required to rotated one half of the cylindrical wedge so that of its extriimity
touches the other half is calculated. The load cells are not taken into account at this stage. The
wedge is assumed perfectly rigid. 93
JI
Angle for contact gap
2.75-in
AO = 0.045
Distance from beginning of the lower bar to contact point
L wedge := 2.3-in J lbar lbard bar bar 2)12
Torque : lbar'G bar
Torque L wedgeL lbar - L wedge
Torque = 5.819*104 "lbf-in Torque - 13.356*in
F lat
It can be seen that even without the load cell offering additional resistance to torsion, the
torque required to have the two halves of the wedge in contact, would require the maximum
expected lateral force to be applied outside of the wedge. This situation is clearly impossible and
the resistance to torsion offered by the lower forked column legs is enough to prevent contact.
A.2.3 Check for load cell point loading
Load cell characteristics;
Maximum load Prated := 15000.lbf
outside radius
internal radius
Load cell factor of safety
FS c :=20.%Ic '- _P allowed rated- ( + FS Ic)
Sallowed o ri2) o allowed = 2.667- 104 
"psi
Eventual off-centered loading is the sum of the uniformly distributed applied load and a
moment caused by appplying this load at a certain distance from a pivot. The pivot is assumed
here to be the center of the load cell to simulate the worst possible loading.
Worst case applied force
Pa'ro'(ro - ri)
Sbending :  4 4
2 .r. ro - ri4
4
a total := o bending + o load
Pa :=Flat
Pa
load- (r2 r i2)
a total =-1.353'104 *psi
Pa =-4.357-103 lIbf
a bending =-7.075 10 *psi
0 total
= 50.735*%
a allowed
It can be seen that the maximum allowable stress is attained with this worst case of
off-centered loading on a single load cell. This should not occur as more than one load cell will
take the load and the rotational stifness of the lower bars will assist in reducing lateral bending
of the wedge. With this in mind, it is expected that no critical point loading will be experienced
94 hv the load e.ll'.
r = 0.5-in
3
r i :=--m16
A.3 Instrumentation Calculations
Once the instrumentation system has been set up, the capacity of the system must be
examined to determine the voltages and gain used in the data acquisition process. For this
experiment limiting factors were the load cell excitation voltage capacity (12V DC), the
excitation source voltage capacity (10V DC), and the computer data acquisition maximum
voltage capacity (I 0V DC). The amplifier had a possible gain of x2000 and was not a
limiting factor.
The larger the excitation voltage, the stronger the output signal from the load cell. The
excitation voltage was set at 8V DC which is two-thirds of the load cell capacity. This
margin was set so that in the unlikely event of spot loading which could produce a force
greater than the load cell capacity of 15,000 lbs (resulting in higher than planned output
voltages) the increased voltages would not burn the data acquisition board. Given these
considerations, the appropriate gain was calculated to maximize the available voltage
range in the data acquisition system. Initially, the same gain was used for both
experiments. After the first test of periodic damage without fracture however, the gain
was readjusted due to the lower forces experienced.
For the following calculations, all volts are DC.
For both types of experiments:
Set load cell excitation voltage to: V excit 8
Maximum expected output per load cell at approximately 9000 lbs
(from calibration data sheets)
V mout = V excit "1.97 -mV V mout =15.76 *mV
Maximum output at full load of 15000 Ibs:
15000V maxout = V maxout 15000 maxout 26.267 *mV
9000
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Appendix B
Operation of the Test Equipment
B.1 Instron Test Machine
All experiments were performed on a 20,000 lb capacity Instron, screw-driven,
universal test machine. The test machine lacks documentation and operating guides so
verification of data accuracy and calibration procedures was required prior to conducting
any experiments. Due to our unfamiliarity with the Instron test machine, we requested help
from Dr. J. Germaine of the Civil and Environmental Engineering Department. Dr.
Germaine was indispensable to our efforts. His contribution to our understanding and
subsequent testing and calibration of the Instron machine was enormous.
A major concern was the validity of the different test ranges offered by the Instron
machine. Test ranges available were: 500, 1,000, 2,000, 5,000, 10,000, and 20,000 lbs.
We connected a voltmeter to the output jacks and observed various calibration and offset
values at each of the different load scales. The 20,000 lb scale however, drifted at both a
zero load setting and at the calibration setting. Internal wiring and sensing problems are
possible problems at this load scale. Because expected forces would be as high as 13000
lbs per Bracco (1994), the system had to be tested to assure linearity of output data at
twice the value of a load compared the set load scale. If this could be shown, the 10,000 lb
scale could be used for higher forces and provide confidence that the output voltages were
accurate up to 20,000 lbs.
Another concern was the calibration procedures used to set the zero and full load
voltages at each load scale. In the past, the Instron has been calibrated using a chart
recorder and eye judgment. The chart recorder, however, has been previously damaged
and repaired. Since the machine is no longer supported by the manufacturer, the chart
recorders accuracy is suspect. To avoid using the chart recorder as the calibration method94
the Instron output required validation against a known load cell. This would allow
validation of a calibration procedure using output voltages and the ZERO and
CALIBRATION features of the machine.
As in any data acquisition system, the condition of the output data was also
examined. Because the maximum output voltage setting on the Instron is 2V DC at any
selected load scale and tests are generally performed below maximum load setting, signal
noise is a serious concern. Dr. Germaine had previously installed a 1 Hz filter on the
voltage output circuit. We observed different load outputs using the data acquisition
system described later. Without the filter, large variations in the output voltage were
evident on the order of approximately one half of the output value. With the filter, this
noise was suppressed and voltage fluctuations were not significant. For all subsequent
tests and machine operations, only the 1 Hz filter output line was used to record the
output voltage.
The accuracy of the crosshead speed was also important. The Instron machine
does not monitor displacement with time. Maxwell (1993) performed a check on the
crosshead displacement with a dial indicator and found the accuracy within ± 4%. A repeat
test was performed by Yahiaoui (unpublished) that correlated well. This is considered
adequate for this set of experiments. Finally, the speed of the test was also an issue. Past
tests have been performed at the speed of 1 inch per minute which allows for a fairly rapid
experiment while maintaining the quasi-static nature of the test. The machine is labeled
with a warning against this speed (due to fuse burn outs) but our option at a lower speed
is 0.01 inches per minute which would require approximately 18 hours to travel the 11
inch test distance. This is unacceptably slow in terms of observation and the enormity of
the data acquisition files generated. Fortunately, spare fuses for the machine were found
and the pilot tests were run at 1 inch per minute with no adverse consequences.
B.1.1 Linearity and Calibration Test
To test the linearity of the load cell output and the accuracy of the test machine
and calibration technique, a test was conducted on 1 December, 1994. A 1,000 lb load cell
was secured to the crosshead and Instron load cell (fixed). The calibration of the 1,000 lb
load cell was known from previous calibration tests and this test was performed in tension.
The Instron was configured per Table B. 1 and the load scale selected was 500 lbs. Using
the ZERO button, the no load output voltage of the Instron was set at 0.0V. By
depressing the CALIBRATION button and adjusting the adjoining knob, the full load (500
lb) voltage was set at 2.0V. The load cells were connected to separate voltmeters and data
was taken manually. Testing consisted of applying a small crosshead displacement and
recording the Instron and attached load cell output voltages. No gain or signal
conditioning was conducted on either output with the exception of the 1 Hz filter on the
Instron output. The test range was 0 to 1,000 lbs (or 0 to 4 V) on the Instron to allow
verification of linear output at twice the set load scale. Values were recorded in both the
ascending (increasing tension) and descending operations. The results of the linearity test
follow:
INSTRON Linearity Test
Test Load Cell : Instron Load Cell:
Data Instruments 1,000 lb Instron 20, 000 lb
Input Voltage: 5.495V DC Range Setting: 500 lb range
Calibration: 33.94 mV/V at full load Calibration Setting: 2.0V at 500 lb
Data and Linear Regression Results:
LA = Lower range, ascending tension y values are in mV
UA = Upper range, ascending tension x values are in V
UD = Upper range, descending tension
LD = Lower range, descending tension
Asc ending Operation
LAy := LAx.:
36.0 0.81
61.7 1.36 LAm :=slope (LAx,LAy)
93.5 2.04 LAm = 46.894
UAyi:= UAxi:=
93.5 2.04
120.5 2.61
152.0 3.28
182.5 3.93
LAm - UAm
Percent error = s A := LALAm
Descending Operation
UDyi
182.5
153.3
120.5
93.6
UDx. =
i
3.31
2.61
2.04
UDm := slope (UDx,UDy )
UDm = 47.015
LDy := LDx:=
61.6 1.36
35.5 0.80
UAm := slope (UAx, UAy )
UAm = 47.079
sA = 0.394 -%
LDm := slope (LDx, LDy )
LDm = 47.105
LDm - UDmPercent error = D := D = 0.192LDm
LDm I
As shown by the data analysis, linearity is well established with errors in both the
ascending and descending operations of less than 0.5%. Use of the 10,000 lb scale for
expected forces up to twice this value is not a significant source of error and can be used
with confidence.
To assess the validity of the calibration procedure, we used the known calibration
value of the 1,000 lb load cell and the Instron output for a comparison and conversion.
The data used is from the linearity test described above. The calibration test is detailed
below.
INSTRON Load Cell Calibration
Test Load Cell (Data Instruments - 1000 Ib)
Calibration constant: C = 33.94 V
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Input Voltage: Input := 5.495 V
Full load of test cell: Load := 1000-lb
Calculate voltage at full load of test cell:
C.InputV lb '- Load
Maximum voltage obtained on test load cell:
V lb = 0.187 mvlb
V testmax = 184.68.mV
Comparison to Instron values
Compute Instron conversion factor:
V testmax
Load Applied = V Ib
Vlb
V Instronmax
V Instronlb = Load Applied
Recall Instron Setting: 2V DC = 500 lb
Vmeas :=V Instronlb -500lb
V Instronmax : =3.93. V
Load Applied = 990.24 1lb
V Instronlb = 0.004 *V
lb
V 2.0- V
V meas = 1.984-V
Compute error from measured to calibrated values for Instron test machine:
VCa V meas 
set
Vxmeas
Cal = 0.788 -%
The error between the expected value of 2.0V at 500 lbs on the Instron and that
actually measured is less than 1%. This is acceptable for the experiment and the Instron
was calibrated based on this test in all subsequent experiments. See the Operation section
for specific calibration procedures.
B.i.2 Operation
The Instron machine requires at least a 30 minute warm-up period. Both the
AMPLIDYNE and MAIN POWER switches must be energized to begin this period.
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Using Bracco (1994) and Yahiaoui et al. (1994) as guidelines, we arranged the machine
settings as outlined in Table B. 1. It is recommended that the test machine be set up in the
proper configuration before energizing the machine.
Table B.1 Instron Test Machine Settings
Switch Setting
FULL SCALE LOAD
LOAD CELL
MARKER CONTROL
PRESET CYCLE COUNTER
PACING CONTROL
ZERO SUPPRESSION CONTROL
CHART DRIVE AMPLIFIER
STRAIN GAUGE PRE-AMPLIFIER RANGE
LIMIT CYCLE
AUTOMATIC
CYCLE CONTROL
CYCLE-LO
CYCLE-HI
SPEED CONTROL
TRAVERSE
GEAR LEVER
Variable depending on experiment
CT-G
Manual
Off
Normal
Out
Off
10
Off
Stop
Manual
Stop
Stop
-1-0.01
1
High
To initially calibrate the universal testing machine, connect the 1 Hz output line to
a voltmeter set to receive at least 2V DC. Set the load scale to 500 lbs and adjust the
ZERO control knob until the output is OV. Depress the CALIBRATION button to see
what the output voltage value is for 500 lbs. Holding the CALIBRATION button
depressed, adjust the CALIBRATION control knob until the voltmeter reads 2.0V.
Recheck the zero setting and repeat the above steps until there is no change in the two
settings. Increase the load scale to 1,000 lbs and re-zero the machine as above. Depressing
the CALIBRATION button should now read 1.OV. Therefore, 1V is equal to a 500 lb
force. Repeat this technique until the appropriate load scale is reached. For example, at the
10,000 lb scale, the calibration with a zero offset should read 0. 1V indicating 0. 1V equals102
500 lbs and 2V equals a 10,000 lb load. This is generally the same procedure used by
Little (1994) without using the chart as a calibration tool.
B.2 Load Cell Instrumentation Calibration and Settings
The data acquisition system must be properly tuned and calibrated before load cell
calibration and testing may begin. (This section applies to the three load cells that are not a
part of the Instron test machine.) The primary components that must be adjusted include
the excitation voltage, the amplifier, the wheatstone bridge balance, and the gain on the
conditioner/amplifier system. Note that the CAL switches on all channels of the 2120A
Strain Gage Conditioner units are kept in the off position throughout all testing
procedures. In addition, the outputs should be connected to the computer ribbon strip port
only after these steps are completed to prevent any accidental inputs of large voltage to
the data acquisition board. These steps are outlined in detail in the 2100 System Strain
Gauge Conditioner andAmplifier System Instruction Manual provided with the
conditioner/amplifier. The equipment was manufactured by the Instruments Division of
Measurements Group, Inc., of Raleigh, NC.
The following steps were followed prior to each test:
1) Excitation: The load cells are restricted to 12V DC input. The excitation voltage was
calculated in Appendix A.3 for each type of experiment. Ensure that all EXCIT switches
on the 2120A units are in the off position. For best precision, connect a digital voltmeter
via banana jacks located on the front of the 2110A Power Supply. Set the scale to 20V
DC. Turn the CHANNEL selector on the 2110A to the appropriate channel. Adjust the
DC excitation voltage as required for that channel by turning the BRIDGE EXCIT with a
small screwdriver. Follow this procedure for all channels.
2) Amplifier Calibration: To ensure no initial bias by the amplifier, the amplifier output
voltage must be initially calibrated to zero. Keeping the EXCIT switches in the off
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position, adjust the AMP ZERO with a small screwdriver for each channel until both the
(+) and (-) lights are extinguished. (If the (+) light is on, turn counter-clockwise.) Inability
to extinguish both lights is an indication of excessive noise in the system.
3) Bridge Balance: Adjusting the balance compensates for any initial unbalance in the
load cell wheatstone bridge. For each channel, turn the EXCIT switch to the on position
and turn the BALANCE knob to extinguish both output lamps(similar to the amplifier
calibration steps above). Once accomplished, turn the locking ring on the outside of the
knob to lock the calibrated position into place. Turn the EXCIT switch to the off position
when done.
4) Gain: The considerations for setting the gain are the expected load cell output voltage
and the capacity of the data acquisition system including the computer itself. See
Appendix A.3 for calculation details. The gain used in the two experiments is different. Set
the GAIN knob to the appropriate scale and use the MULTIPLIER set screw set at x200.
Note that the total gain is equal to the GAIN times the MULTIPLIER. Lock the GAIN
knob in the appropriate position with the locking lever on the right side of the knob.
B.3 Load Cell Calibration
Prior to each test, the three load cells must be calibrated. When purchased, each
load cell was provided with a calibration certificate and a resistor. Each resistor is unique
to a load cell and is tagged with a specified force. The resistor is placed in parallel with the
load cell, the circuit is excited, and the resulting constant output voltage is recorded. This
value is then used in the data reduction procedures after each test. It is possible to have
the resistance characteristics of the wheatstone bridge change due to temperature
differentials during the experiment. To ensure no or minimal change of the calibration
constant over the course of the experiment, the calibration test is followed before and after
the test. The following steps were performed prior to each test for each of the three (non-
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Instron) load cells and after system calibration and set-up and with all settings locked in
place.
1) Installation: Install the resistor across the positive (+) excitation lead (red) and
positive (+) signal lead (white). Ensure the resistor leads are firmly attached with good
contact area.
2) Pre-test Calibration: Begin sampling with the data acquisition system. Provide the
excitation voltage to the load cell. Once a steady signal is obtained over a reasonable
length of time, quit sampling and secure the excitation voltage. Store the data (see data
sampling procedures in Appendix B.5). Disconnect the resistors.
3) Post-test Calibration: Soon after the testing is complete, reattach the resistor across
the appropriate leads and repeat step #2.
4) Conversion Factor Calculation: The voltage corresponding to the given load (marked
clearly on each resistor) may be obtained from the stored file. The conversion factor is
then determined by dividing the appropriate load by the constant voltage obtained. This is
done for both the pre and post-test measurements. The conversion factors are then
compared. If there is a discrepancy, assume a linear change over the entire test and
determine a conversion factor by fitting a line through the two data points.
B.4 Data Acquisition System
The Data Acquisition System used for both experiments is composed of a
multifunction input/output (1/O) board and a software package. Following the loss of the
lab computer, new hardware was selected that could accommodate the additional
transducers. The Lab-PC+ board was selected for its similarity to the previously used
system. Principal characteristics of the board may be found in Table B.2. To complement
the data acquisition and storage, the NI-DAQ for DOS software provided with the board105
is used. Set in the differential mode, the board has four input channels. These correspond
to the Instron transducer and the three wedge transducers. A multiplexer is therefore not
required between signal conditioning and the hardware.
Table B.2 Ni-Daq Computer Board Principal Characteristics
B.4.1 LAB-PC+ Hardware
The board is mounted inside a 433/L Optiplex Dell. Some of the original board
settings were modified to accommodate the particular type of measurements to be taken.
The maximum of eight channel input is reduced by one half due to differential
measurement mode for each of transducers. The change of voltage measurement mode
from single ended to differential is one for which some board switches required resetting.
The signal sources are grounded to the conditioner/amplifier to avoid allowing the
providing return paths to ground for bias currents. This was more convenient and reduced
the opportunity for signal error.
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Resolution 12 bits
Channels 8 single ended or
4 differential
Maximum Sampling Rate 83.3 k sample/sec
Gain Available 1,2,5,10,20,50,100
Input Range 0 to 10V or ±5V
Overvoltage Protection ±45V
B.4.2 Ni-Daq for DOS Software
The software provided with the data acquisition board is adequate to conduct the
experiment without any configuration changes. The main features of the software are
described below.
Upon entering the Ni-Daq main menu, the configure menu should be opened. Set
the input voltage to the differential and unipolar modes. This is necessary to measure the
voltages in the experiment configuration. Once done, the Strip Chart and Data Logger
function should be opened. The main menu is described below.
Chan Setup is used to provide the correct number of channels on the board.
Additionally, any gain applied at the board is set in this menu.. This gain setting is applied
uniformly to all channels by Ni-Daq. In both of these experiments., no gain was applied at
the board. This sub-menu is also used to individually tag the transducer signals.
Sample Rate is the rate of sampling between all channels. If only one channel is
active, this represent the rate of data logging in measurement per second. When this is
used with more than one channel, the sampling rate is divided by the number of channels
to provide individual sampling rate for each channel. Since the experiment can be assumed
to be quasi-static, the sample rate is chosen was 10/sec for each channel, or 40/sec overall.
Scan Rate is the rate to repeat scanning through the channels. A value of zero
means that the scanning process is continuous and that each channel is sampling at the
sample rate divided by the number of channels. This feature was set to zero for both
experiments.
Average is an option that allows a reduction in the number of actual data point
recorded and displayed to the screen. A green square is displayed on the menu option
when activated. The entry given by the user represent the number of data point that will be
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averaged into one data entry. In these experiments, a sample rate of 10/sec per channel
averaged every 10 produced one data entry per second.
Save is activated when a green lamp is lit on the appropriate key. It is vital to
toggle it on before any data is recorded. Once the experiment is started, there is no way to
save the data already observed on the viewer without stopping the data acquisition,
selecting the Save key to the ON position, and restarting the operation. Once data
recording is completed, a menu appears when the save option is chosen. We
recommended leaving the Append option ON in this sub-menu since this prevents the loss
of data by mistake. A path and title are requested before the file is saved.
Pause is only useful in stopping the viewer, it does not stop data recording. Each
channel has a small square representing it in the main menu. Each of those square should
contain a black dot to indicate that they are active. They can be used to pause data
recording on specific channels.
Range is only useful to change the scale of the viewer. It has no impact on the
recording of data. If data falls beyond the viewer range limit, it will still be recorded to the
data file as long as it is below the board voltage limit of 10V.
Plot On/Off activates the data recording. Note that a minimum of 200 points of
data should be recorded after the switch is toggled on and before data can be saved once
toggled back to OFF. This is especially important during calibration and for short
recording, since data could be easily lost. It is recommended to leave the recorder on after
completion and then delete any unnecessary data.
Plot Error and DAQ Error are codes that can be used in conjunction with the Ni-
Daq manual to pinpoint a problem. A list of all the error codes may be found in annex to
the second volume.
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B.4.3 Ni-Daq Resolution
As transducer signals are led into an analog to digital converter, some error will
occur. This error is due to the bit representation of the voltage measured and is termed
resolution. Ni-Daq resolution is 12 bits for the entire range of 10V, which translates into a
precision of 10V divided by 212. Hence, the smallest voltage that can be captured by the
software is 0.0024 V. With the Instron load cell set at 2V for 10,000 lbs force, this
represents a maximum representation error of 12.2 lbs force, or a fraction of a percent.
For the three other load cells the calibration for the load cells is approximately 2,400 lbs/V
in the angled wedge tests. This corresponds to an error of 5.85 lbs force.
The Ni-Daq resolution cannot be improved unless the gain is changed since this is
a characteristic of the data acquisition board. Data viewing is improved while the
experiment is running by setting the expected input voltages as close as possible to each
other, and changing the viewer range accordingly.
B.5 Test Procedure
In this section are described the procedure for setting up the experiment. All the
steps required are summarized in Figure B. 1 which is reproduced and used as a check
sheet during every experiment.
As specified in Appendix B. 1, the Instron Test Machine requires a half hour to
warm up. During this time the frame and test plates may be assembled. Time is also
required by the amplifier/conditioner to warm-up. The lab computer is set up such that
upon being turned on, the Ni-Daq for DOS software appears on the screen and is ready
for use. In the event that this does not occur, the user should leave Windows once and
change directory to c: Widaqdos\Daqware\ and type Daqware.
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B.6 Data Reduction
This Appendix summarizes the procedure followed to process the information
from the data files created by the data acquisition software. In order to extract information
from the data, a software was required to produce graphs. There were many application
from which to choose ranging from Easy Plot ® to Excel ®, but the later was chosen due
to user familiarity. Version 5.0 of Excel is used.
Upon leaving Daqware, the computer is set-up to bring Excel on line. The default
directory is c:\test. For this reason, all data file should have been saved in this directory
with the *.DAT extension to facilitate file handling. Once the data has been extracted from
the file, another file is created with the same name but with the *.XLS extension. These
steps are summarized in the Experiment Test Procedure Checklist (Figure B. 1).
B.6.1 Data Retrieval
The first worksheet to retrieve is REFERENC.XLS which contains the required
formula that can be copied down next to the retrieved data. The data file and calibration
file to be analyzed should then be opened separately from this worksheet. When opening
the files generated by the Daqware, Excel will have no problem differentiating the columns
and text region so the FINISH option may be chosen immediately from the menu that
appears.
The calibration data is laid out in columns with the channel identification right
below the number of channels. A steady region of data should be found for all three
signals separately and the averaged value of the calibration voltage retained for each. Once
the voltage average at calibration is obtained for each wedge transducer, this file can be
closed.
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The next file to open is the data file. This is done using the same procedure as the
calibration data. The data is displayed similarly. The first step is to delete all rows with 0
voltage since they indicate that no contact occurs. The entire region, including text, is then
copied on top of the corresponding REFERENC.XLS spreadsheet region. Also enter the
measured voltage average of the three wedge transducers and the Instron crosshead speed.
There are six columns that should be copied down parallel to the data. They are:
X-axis displacement is the initial in-plane displacement of the wedge relative to the
test plates. It is set at 0 by default but can be started at different values to reflect a change
in the reference position. Two of the columns contain this value for ease of plotting.
Transverse Force represents the out-of-plane force measured by the wedge
transducers. It is obtained by adding the load measured by all three wedge transducers.
Each transducer voltage is multiplied by a conversion factor reflecting its calibration in
lb/V.
Vertical Force represents the in-plane force measured by the Instron test machine
transducer. It is multiplied by a conversion factor for the appropriate load cell.
Energy can be determined from both forces by use of the trapezoidal rule. The
small increment used ensures minimal approximation error. Each force reading is
multiplied by the displacement increment and added to the previous result to yield a
cumulative value of energy both in-plane and out-of-plane.
The last step to perform is to multiply the calculated value columns by the
appropriate unit conversion factors to obtain the final data columns which are used to
graph the results. Two graphs are produced for all experiments, one of the force versus
displacement and another of the energy versus displacement. In the periodic damage
experiment, graph of the deformed shape of the plate at various distance from the edge are
also produced.
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EXPERIMENTAL TEST PROCEDURE SHEET
Test Name: Date/Time:
Wedge: Samples:
Operator:
Pre-Experiment Procedures:
EL Energize Instron Test Machine (requires a 30 minute warm up)
O Check all wiring for proper connections and condition
n] Energize computer, signal conditioner, and voltmeter
EI Once in Daqware main menu,
Choose Config menu; select Differential and Unipolar current, return
-I Choose Chart Recorder and Data Logger
L- Once in Ni-Daq for Dos,
Set Save on,
I- Select Chan Setup to 4 channels and identify the channels (0 gain)
L] Complete load cell calibration procedures
O] Record gap measurement between the two wedges halves
Gap: inches
F1 Calibrate the wedge transducers, saving the data file as:
Load Cell Calibration (#1) Data File Name: C:\TEST\ .CL1
L Complete physical set up of equipment, record transducer locations
Load Cell #1: #2: #3:
L Set Instron controls, record setting and calibration with separate voltmeter
Setting: Zero: Calibration:
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[- Check data acquisition sampling rate settings and record
Sampling Rate: (recom. 40) Scan Rate: (recom. 0)
Average Every: (recom. 10) Average On: Y N (recom. Y)
EL Ensure that the green square indicate that Save is on, if not activate it
EL Begin sampling (Plot On/Off switch)
Ol Initiate Instron movement
Note 1: The pause function on Ni-Daq for Dos does not stop data recording. If on the
other hand the On/Off switch is used, ensure that the data is save under the same name
and appended to the previously saved data.
Note 2: File should be identified as follows ZBBXXCY.DDD
Z number representing the number of stiffeners
BB TF for transversely, LF for longitudinally
XX dated of the experiment (day)
C experiment number (a for 1, ...)
Y run number (1, 2,...)
DDD file extension; DAT for data, CL1 for initial calibration,
CL2 for final calibration, and RDG for readings
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Post-Experiment Procedures:
-] Save the data file and record file name:
Data File Name: C:\TEST\ .DAT
EI Check and record the Instron zero and calibration from the voltmeter
Zero: Calibration:
E] Recalibrate the transverse load cells, saving the data file as:
Load Cell Calibration (#2) Data File Name: C:\TEST_ .CL2
L- Return the Instron to initial position and remove the test apparatus
El For the Cylindrical wedge experiment;
Proceed with plate deformation measurement
Retrieve the wedge and increase the distance between the two halves according
to scedule and restart the experiment.
File containing the readings: C:\TEST _ .RDG
L[ Make a back up copy of the data file onto floppy disk with the same name
L] Secure all electronic equipment
[] Complete test log
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Data Reduction Procedure Sheet
E] Quit Ni-Daq for Dos and DaqWare (disregard Windows warning)
]O From Excel, call the file REFERENC.XLS
[7 Retrieve the calibration files (*.CL1 and *.CL2) and find the average voltage on
-1 load cell 1; load cell 2; load cell 3;
1- Retrieve the first data file into a spreadsheet (answer Finish to the query)
OE Copy the first four columns of the retrieved data file onto the
REFERENCE.XLS spreadsheet and proceed with copying the equation rows of
the spreadsheet and creating the required graphs
El In the cylindrical wedge experiment, open the *.RDG file and print the plate
deformation
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Appendix C
Determination of the Parameter uo
The following appendix explains how the parameter uo is calculated.
C.1 Physical Meaning of uo
uo represents the maximum displacement of the U displacement field in the x
direction. It is also the amplitude of the U displacement function at the origin. Recalling
the assumed displacement field for U along the x axis:
U(x,o) = - [cos(n) + 1]. B
2B
U(x,O)
-0.6
Figure C. 1 Plot of the Displacement field U as a function of x for y = 0.
uo is the maximum amplitude of the displacement at the origin located on the right
hand side of figure C. 1. It represents the distance that a point at the origin of the
undeformed plate would travel in the negative x direction when subjected to a given
penetration depth.
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-0.2
The deformed plate was assumed to be pushed forward upon being deformed. The
plating directly in front of the wedge or rock is not stretched or compressed, so that the
initial plate length should be the same after deformation. By calculating the arc length of
the undeformed plate, B, and using it to find the corresponding migration of the point
initially at the origin, it is possible to find the parameter u,. Figure C.2 illustrates the
deformed arc length of the plate and uo . It is obvious from that figure that uo will vary
with the depth of penetration and the length B.
W (x,O)
Z axis
0- Uo
Figure C.2 Profile view of the assumed deformed plate along y = 0.
C.2 Determination of u,
The arc length is calculated as follows:
L e :
J1
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(x, 0) + dx
i
Since the deformed arc length is assumed to stay the same, i.e. B, u, is found by
subtracting B from Larc. The integral is solved with Simpson's 3/8 rule of integration by
taking four points.
u o 0 - .sin(x.x) + dx-B- B
U o(DB) 3=.[ 2.584(DB)2 + 1+ 2.137(DB) 2+ 113 I]B
where u, is represented as a function of the ratio of D/B. The parameter is now
defined uniquely as a function of the non-dimensional depth (D/B), and can be used in
the U displacement field.
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Appendix D
Determination of the Parameter K
The following appendix explains how the V displacement parameter K is found.
The factor Ep(DB,KB) of Equation 4.14 is minimized to find the least upper bound. The
method is explained in details and the final relation between the dimensionless V
displacement amplitude K/B and the dimensionless depth of penetration D/B is given.
D.1 Physical Meaning of K
It was intended initially to allow the points in the displacement field to move not
only forward in the x and up in the z direction but also in the y direction. This sideways
motion cannot be determined from visual observation, but intuition tells us that some
form of distribution of the strain occurs along the deformed plate. A parameter is
therefore required to represent the amplitude of the assumed V displacement field. This
parameter is non-dimensionalized by B and is kept variable until the closed form solution
is obtained. The assumed V displacement field can be found in Figure D.3.
D.2 Minimization of the Upper Bound Solution
Getting the upper bound solution to the plastic deformation force is carried out
using Mathcad 5+. The complete procedure is explained in Appendix E. Initially the
solution is dependent on two parameters, K/B and D/B. The least upper bound solution
is of interest, therefore multiple values of K/B as per Table D. 1 have been calculated for
different values of D/B. For each of the dimensionless depths, a third order polynomial
approximates the relation. Differentiation of the later is accomplished to find the value of
K/B that minimize the plastic work for each D/B . The minima are retained and curve-
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fitted against the varying dimensionless depths to find the relation between them. The
procedure is included in the following sections.
In the next sections, the vector s contains the factors of a third-order curve-fitted
equation of Ep(DB,KB) from Appendix E for a specific D/B or DB corresponding to
values of K/B or KB ranging from 0 to 0.05. The curve-fitted equation C(a) is composed
of the s vector factors and is function of the depth D/B or a in the graph. Using this
equation, the minimum KB is found. The error in % is the difference between the
assumed displacement field for V and no displacement field for V. This error is important
and is discussed in the next section.
Dimensionless Depth of Penetration, D/B, of 0.1
0.026
-0.007
DB := 0.1 s:=
4.473
-7.823
KB- s3 1 14"(s)2 4(s2
3-s4 2 9-(S4) 2 3-S4
KB = 7.841* 10- 4
a :=-0.2,-0.199.. 0.2
2 3
C(a) := S1 - s82za s3a - - 4
C(a)
..........
C(KB) - C(0) -0.011*%
C(0)
-0.2 -0.1 0 0.1 0.2
a
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Dimensionless Depth of Penetration, D/B, of 0.2
0.051
-0.085
DB :=0.2 s .
4.43
-8.667
s3  1 4- (s3 )2  4.s2KB- s4 2- s42 3s4
3-s4 2 3-s4
KB = 0.01
a :=- -0.2,-0.199.. 0.2
2 3C(a):= sl+ s2- s3.a + s4.a
C(a)
-0.2 -0.1 0 0.1
C(KB)- C() =-0.815
C(0)
Dimensionless Depth of Penetration, D/B, of 0.3
DB:=0.3 s:=
0.108
-0.183
2.843
-2.312
a :=- 0.2,- 0.199.. 0.3
2 3
C(a) :=sl +s2-a+s 3-a +-s 4 a
C(a)KB : 3  1 4 (s 3) 2  4-s 2
3-s 4 2 9.(s4)2 3-s 4
KB = 0.034 C(KB) - C(0) -2.803e%
C(0)
I I
N. -
I I
'N
N -
-0.2
123
Dimensionless Depth of Penetration, D/B, of 0.4
0.19
-0.235
DB := 0.4 s:=
1.695
0.514
S3KB :=--
3-s4
a :=- 0.2,- 0.199.. 0.4
2 3
C(a) :=sl+S2-a+s3.a +s4.a
C(a)1 4- (s 3)2  4-s2
2 9. (s 4) 2 3-s 4
KB = 0.067 C(KB)- C(0) =-4.201*%
C(0) -0.2
Dimensionless Depth of Penetration, D/B, of 0.5
0.291
-0.245
DB :=0.5 s:=
1.171
0.078
s3  1 4( 83)2 4- S2
KB 9-- S423S4
3*S4 2 9.( 4)2 3.54
KB = 0.104
a :=- 0.2,-0.199.. 0.6
C(a) :=s 1 + 2-a+ s3-a + s4 a 3
C(a)
0.2
C(KB) - C(0) = -4.374%
C(0)
-0.2 0 0.2 0.4 0.6
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D.2 Final Relationship Between K/B and D/B
All the calculated minima are now curve-fitted to their corresponding
dimensionless depth of damage with a third order polynomial. The result is represented in
figure D. 1. The vector s contains the third-order factors of the curve-fitted polynomial.
The error of not assuming a displacement field V in the y direction can be seen in figure
D.2.
KB(DB) :=s +s 2DB+ s 3"DB2 + s4 DB3
0.2
0.167
0.133
KB(DB) 0.1
0.067
0.033
0
0.016
-0.293
1.555
-1.232
0 0.175 0.35 0.525 0.7
DB
Figure D. 1 Variation of K/B minimizing the plastic deformation
force with the dimensionless depth of damage D/B.
0
0.0
0.0
Del(a)
-0.
0.
.1
16
02
02
06
0.175 0.525
a
Figure D.2 Error between assumed displacement field V and no displacement field.
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where Del(a) is C(KB)- C(O) and a is the dimensionless depth of damage D/B.C(O)
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D.3 Discussion
It is interesting to note that the difference in plastic work between assuming a
displacement field for V or not can be in the order of 5%. Although not a substantial
contribution to lowering the upper bound, the assumed deformation field V in the y
direction and the use of its amplitude K are retained in the final solution. Considering that
the half-breadth B is on the order of 146mm for the experiments, the magnitude of K
varies from 0 to 20% of the depth of penetration D. This clearly indicates that the V
displacement is a rather large figure that cannot be neglected with the following approach
of assuming displacement fields.
1
v(o0 ,y ) 0
-1
1 0 1
Figure D.3 DisPlacement field V alone the v axis for x = 0.
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Appendix E
Complete Solution to the Upper Bound
This appendix contains extracts from a Mathcad 5+ file used to solve for the
plastic deformation force.
E.1 Assumed Displacement Fields
The assumed displacement fields are:
u o(DB)
U(x,y,DB) :- - (cos(7Gty) + 1).(cos(Ix) + 1) B
4
V(x,y,DB,KB) (cos(x)+1)-sin(-y)-Cos B
1W(x,y,DB) :=(DB).-.(cos(n x) + 1)(cos(.y) + 1) B
4 (E.1)
where DB is the dimensionless depth of penetration, D/B
x,y are dimensionless coordinates varying along the 1 and 2 axis
respectively
B is the half-breadth between two longitudinals along the hull bottom
between which the damage has occured
KB is the ratio K/B as discussed in Appendix D
E.2 Strain Fields
The strain fields are obtained by applying the following relation from Fung
(1969):
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dy 2Ex(xyDB) :dU(xyDB) +"- BW(x,y,DB)
E (x,y,DB, KB) V(x, y,DB, KB) + - W(xyDB)
dy 2 dyy(,y
1d d d d
E xy(x,y,DB,KB) :=1 Ud(x, y, DB) + dV(x, y, DB, KB) - W(x, y, DB).--W(x, y, DB)
2 dy dx dx d y (E.2)
It should be noted here that some of the terms were dropped. In fact, it is assumed
that the second order terms including a derivative of U or V with respect to x or y were
small when compared to first order term of the same or second order terms including
derivatives of W with respect to z. This step lead to the Equations 4.5 to 4.7 of the main
text.
E.3 Plastic Work Rate
The method retained to calculate the plastic work is discussed in the main text. It
is based on an equivalent strain increment calculated for each point of the strain
functions.
Wlas =I o 0 .S equt -dV (E.3)
V
where ao is the average flow strength.
The strain function expressed in the 1,2,3 coordinate system, which is the same as
the original undeformed plate coordinate system. The largest speed vector is in the x
direction, therefore the others are assumed negligible. This allows us to use an Eulerian
view at each point and enables us to write the equivalent strain more simply as:
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E o(x,y,DB, KB) :=. E x(x,y,DB)2+ E (x,y,DB, KB)2 + Ex(x,y,DB).E (x,y,DB,KB ) ... V-B
+ E xy(x, y,DB,KB)2
(E.4)
where Eo(x,y,DB,KB) is the equivalent strain rate, C equivalent, and is defined for
every coordinate x and y of the undeformed plate position, while DB is the ratio D/B and
KB is the dimensionless depth of damage D/B. It should be noted here that V is the speed
vector in the x direction. The plastic work can now be calculated by integrating the
expression on the right hand-side of equation E.3. Assuming an average flow stress over
the deformed surface, and a constant equivalent strain through the plate thickness,
equation E.3 can be written:
10
Wplasc: = tomVBa f Eo (x, y, DB, KB)dxdy = 2tomVB -Ep (DB, KB) (E.5)
-1-1
where t is the plate thickness
So is the average flow stress over the deformed surface
Wpastc is the work rate of force required for plastic deformations
Ep(DB,KB) is the integral of the strain increments over the surface
corresponding to the undeformed plate since the strains and displacement
are expressed in that coordinate system.
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1Ep(DB, KB) I E 00, 0,DB,KB) + 3-E 0 , 0,DB, KB) 3- 00,DB,K ...
+ E (1,O, DB, KB)
3 1 11 21+2. EO(0,-,DBKB +-3-E 0.E,(1 DBKB + 3-Eo 0 DBKB ...8 3 33 33
+ Eo 1,-,DB,KB
8 3 33 33
+Eo 1,,DB,KB
8 3 3
+E o(1,1, DB, KB)
The integration is performed using the Simpson's 3/8 integration method. For a
double integration, this corresponds to taking sixteen points on the surface and
multiplying each of them by a corresponding weight. Equation E.6 is the retained
formulation.
Following this step, the plastic work rate depends on two variables, D/B and K/B.
As explained in appendix D, a relation for KB, or K/B, is found and used to limit the
number of unknowns to the single parameter DB, or D/B. It is represented by the third
order polynomial of equation E.7:
KB(DB) := 0.016+ - 0.293DB + 1.555DB2 + - 1.232DB3 (E.7)
The resulting integral for the plastic strain increment is curve-fitted to a third
order polynomial and to a quadratic function as illustrated in figure E. 1.
130
(E.6)
,0.404349 0.5
0.4
0.3
C(a)
Dl (a)
0.2
0.1
0 0.1 0.2 0.3 0.4 0.5 0.6
LOJ a 0.6
Figure E.1 Fitted curves of third order polynomial, C(a), and quadratic, D1(a),
versus the dimensionless depth to failure, D/B, represented here by a.
It can be noticed from figure E. 1 that a quadratic approximation of the integral of
the plastic strain increment versus D/B is as accurate as the third order polynomial
approximation. For reason of simplicity of use, the quadratic approzimation is retained.
E.4 Final Solution of the Plastic Work
The final solution for the work rate of plastic forces is:
W plastic := 2.t.yom-B-1.1 2 3 (
B (E.8)
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Appendix F
Friction and Stiffeners Influence
This appendix discusses the assumptions retained in order to model the influence
of friction on the deformation process. The stiffener contribution is based on the analogy
with the web crushing case and is discussed below. It should be remembered that the
current approach is not an exact solution but an approximation based on the knowledge
accumulated from various model experiments at MIT. Other models where evaluated by
McClintock(unpublished) but yielded solution that did not vary but more than 10% for
the observed angle of contact.
F.1 Forces Description
All the grounding forces acting on the ship are assumed to act at a single point.
The horizontal reaction force, FH , and vertical reaction force, Fv , are the unknowns to be
determined. The known forces are the plastic deformation force, Fp , and the average
force required to deform the stiffeners, Fs. Figure F. 1 illustrates the interaction between
them.
Figure F. 1 Forces at the Contact Point
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FN is a part of the reaction force perpendicular to the plate. Friction at the point of
contact is due to the normal reaction force FN which is in reaction to the horizontal force,
FH. It should be noted that the contact point of the vertical force due to the stiffeners,
Fstiff, varies along the x direction. It is here represented at the same position as the
contact point for the plastic deformation force of the plate.
Ff =g . F (F.1)
The plastic force required to deform the stiffeners is taken from the work by Choi
et al (1995). Its horizontal component is dependent on the angle of contact at the base of
the stiffeners. Therefore, the horizontal component of the average force required to
deform the stiffeners varies with the wedge progression. The relative component of its
horizontal velocity is:
V,,ti = V tanqp (F.2)
where (p is the local contact angle at the base of the stiffener; it is function of the
relative position of the wedge.
F.2 Virtual Work
The next step is to equate the work rate of external forces to the work rate of
internal forces. The only external force is composed of horizontal and vertical
components. It is due to the ship motion relative to the rock and therefore act horizontally
at the speed V. The internal forces are the plastic forces from the plate and the horizontal
component of the average force required to deform the stiffeners, and the force due to
friction. Those forces act with different relative velocity vectors.
F, HV = F, .V + Ff, V + Fg .V - tanq (F.3)
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F.3 Friction Force, Ff, and Normal Force, FN
The force due to friction can be expressed in function of the horizontal horizontal
forces, FH:
Ff= = N (F.4)
p cos + sin 0 u
F.4 Horizontal Force, FH
The horizontal reaction force can be obtained by using Equations F.3 and F.4. FH is
found to be a function of the plastic deformation forces of the plating and stiffeners, both
of which are known, the first from appendix E and the second from Choi et al.(1995).
FH{1 = Fp + Fff -tanq (F.5)
'U cos 0 + sin
where V is the angle of contact at the base of the stiffeners; it is calculatted by
using the wedge profile description mentioned in Chapter 4. The angle is obtained by
assuming that the W displacement field in front of the wedge is the actual deformation
mode. The distance between the highest deformation depth and the bottom of the
stiffeners, xs, can be obtained by replacing x in Equation 4.4 by xs times B:
-dW(xs,O) Dr
= = -2- sin(r -xs) (F.6)dxs 2B
F.5 Vertical Force Fv
The vertical force is derived from a vertical force balance:
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F v = -FN, cos+ Ff -sin9
By replacing the friction force from equation F. 1:
Fr = F, .(cos9 - p sin O) (F.7)
Using Equations F. 1 and F.4 for the value of FN, and grouping terms, the vertical
force can be found:
(cos9- psin O)Fv = FN, (cosO- psinO) = F,(os sn(u cos 0 + sin 9) (F.8)
. . . . . . . . . . . .. .  .136
(F.6)
